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Enhancing the level of aspartate family amino acids, especially lysine in 
edible seeds is of utmost economical and nutritional significance. Prior strategy to 
improve lysine level mainly relied on singular approach by transgenic expression of 
a feedback insensitive enzyme (enhanced source of free amino acids) or a foreign 
protein rich in lysine (effective sink for free amino acids). However, the results were 
usually not very promising. 
Using a model plant, Arabidopsis thaliana, the aim of this research is to 
generate and characterize transgenic plants with improved sink-source relationship, 
attempting to direct the metabolites to desirable seed storage protein. Transgenic 
plants with altered sources include previously constructed homozygous ASNl 
over-expressers, ASNl RNA interference {ASNl RNAi) lines and transgenic plants 
constitutively expressing metL gene encoding feedback insensitive aspartate kinase 
Il-homoserine dehydrogenase II {}5S-metL). To further fine-tune the sources of 
free lysine, this research has successfully generated homozygous transgenic plants 
{dapAI^T) expressing the feedback insensitive dihydrodipicolinate synthase (dapA) 
from E.coli in a seed specific manner. The integration of the dapA gene was 
confirmed by PGR. In addition, ASNl over-expressers and 35S-metL transgenic 
plants were combined with transgenic plants over-expressing the Lysine Rich 
Protein, (LRP, an effective sink) through crossing. These plants were named 
ASNl/LRP and metL/LRP transgenic plants, respectively. One homozygous line of 
metULRP and two homozygous lines of ASNl/LRP were obtained and confirmed 
by genetic and PGR analysis. The dapA gene was also transformed into LRP 
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transgenic plants, designated as dapA/LRP transgenic plants. Sixteen homozygous 
lines from six different origins were identified. The integration and expression of 
both the dapA and LRP gene were confirmed by PGR and RT-PCR, respectively. 
To test the effect of ASNl over-expression on the sink-source relationship 
of nitrogen metabolism in the plants, gene expression pattern of the ASNl gene 
and amino acids levels in different source tissues (rosette leaves, cauline leaves 
and stems) and sink tissues (flowers, developing siliques and mature seeds) were 
analyzed. While the ASNl mRNA level in source tissues of the transgenic lines 
was higher than that in the reproductive tissues, the free asparagine level exhibited 
a reciprocal pattern. The enhanced level of Asn in developing siliques is probably 
due to an enhanced transportation of asparagine from source to sink via phloem. 
This contributes to an increase of the total free amino acids and Asx (asparagine + 
aspartate) in developing siliques. Enhanced total free amino acids in the siliques 
eventually lead to a substantial increase of total amino acids, in particular Asx in 
the mature seeds. This qualitative and quantitative change of amino acids strongly 
suggests that ASNl over-expresser may become an ideal tool for providing 
additional amino acids for protein synthesis in the developing seeds. 
The final part of this research is to analyze the level of lysine in the salt 
and water extractable protein and its total amount in the mature seeds of transgenic 
plants with altered sink-source relationship. Because of the small sampling size and 
seeds of different quality (collected at different time), this data sometimes showed 
large fluctuation and became statistically insignificant. In addition, free amino acid 
analysis of developing siliques and protein analysis of mature seeds using 
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SDS-PAGE were not performed. Therefore, the presented preliminary data needs to 
be validated in the future for accurate interpretation. While one of the ASNl 
over-expressing lines exhibited a significant increase of lysine in extractable protein, 
two ASNl RNAi lines showed the same trends. This seemingly conflicting data needs 
further verification. 35S-metL transgenic plants did not show significant elevation of 
lysine level dapA/WT transgenic plants even demonstrated a significant drop of 
lysine in the extractable proteins. The level of lysine did not change significantly in 
the seeds of LRP transgenic plants. In transgenic plants with altered sink-source 
relationship, metULRP and ASNl/LRP did not show elevation of lysine content. 
Only one of the tested lines of dapA/LRP homozygous lines showed slight, but 
significant increase of relative level of lysine content. More lines are needed to be 









過去構建的ASN1高表達品系、ASN1 RNA幹擾品系W^^M RNAi)及連續表達由 
metL基因譯成的反饋不敏感天冬酉先胺激素-高絲氨酸脫氫酶(35s-/?7汉Z)純合子。 
爲了更有效調節游離賴氨酸的供應，本硏究成功構建了在種子中特意表達大腸 
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1. Literature review 
1.1 Significance and overview of aspartate family amino acids 
1.1.1 Nutritional and economical significance of aspartate family amino 
acids in human and animal nutrition 
Protein, originated from the Greek word protrios, stands for primary 
importance. Omitting protein in the diet will lead to stunt growth and even death 
in animals and human. Sufficient intake of protein is thus vital. Dietary proteins 
were digested into amino acids, absorbed via gastrointestinal tract before 
assimilated into structural and regulatory proteins of the intakers. Monogastric 
animals such as human and poultry are incapable of synthesizing 10 essential 
amino acids (leucine, cysteine, phenylalanine, tyrosine, typtophan, valine, 
threonine, isoleucine, lysine and methionine (National Research Council (NRC), 
1994). Therefore, dietary proteins were the sole source of these essential amino 
acids. 
Unfortunately, major staple foods plants are nutritional incomplete. In 
general, potato and cereal such as maize, wheat, barley and rice are deficient in 
lysine (Lys), and seeds of legumes in methionine (Met) (FAO, 1970). These 
foods are the major source of dietary protein for poultry and human and have 
great implications on their health. In livestock, Met has potential benefit to 
reduce immunologic stress (Klasing and Barnes, 1988) and prevent formation 
of bladder and kidney stones (Lewis et al., 1987). In human, synthetic Met has 
been used extensively for therapeutic purpose, including electrolyte balance, 
parental nutrition and pharmaceutical adjuvant, and other applications. It is in 
fact one of top 800 drugs in human medicine (Mosby, 1997). On the other hand, 
Lys has been shown to be useful in the prevention of atherosclerosis (hardening 
of artery wall), the absorption of calcium, and the treatment of herpes simplex 
vims(National Research Council (NRC), 1994). 
In view of the nutritional importance of Lys and Met, many strategies have 
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been employed to improve Lys and Met contents in the diet. One of the most 
commonly used approaches is by fortification of synthetic Lys or Met in the diet 
of poultry. Over 200,000 and 50,000,000 tons of synthetic Lys and Met, 
respectively, were used in animal feed annually, which costs millions of US 
dollars to the growers. It has been estimated that a 1% increase of Met content 
in soy protein will save 375 million US dollars per year (Iowa State University 
and American Soybean Association, 1990). On the other hand, twenty thousand 
metric tons of lysine, valued at $70 million US, was used to amend the deficient 
poultry diet. Doubling the Lys content in soybean was estimated to save $3.6 
per 100 pounds of soybeans (Falco et al., 1995). Taken together, the nutritional 
and economical importance of Lys and Met has motivated extensive 
investigations on improving Lys and Met contents in seeds of cereals and 
legumes. 
1.1.2 Synthesis of aspartate family amino acids in plants 
The essential amino acids Lys, Met, along with threonine (Thr) and 
isoleucine (lie) are synthesized from a common precursor, aspartate (Asp). 
Therefore, these amino acids are collectively termed as aspartate family amino 
acids. The major metabolites and enzymes involved in this biosynthetic pathway 
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Figure 1.1 Multi-branched pathways leading to synthesis of aspartate family 
amino acid. AK, aspartate kinase; HSD, homoserine dehydrogenase; DHPS, 
dihydrodipicolinate synthase; CGS, cystathionine y-synthase; CLS, cystathionine 
(3-lyase; MS, methionine synthase; TS, threonine synthase; TD, threonine 
dehydratase; LRR, lysine-ketoglutarate reductase; SDH, saccharopine 
dehydrogenase; ASD, aminoadipic semialdehyde dehydrogenase; SMM, 
S-methyl methionine; SAM, S-adenosylmethionine. 
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Asp provides the entire carbon skeletons for Thr and lie, with branches 
to Lys and Met. When Asp fluxes through aspartate kinase pathway, it will 
undergo phosphorylation by aspartate kinase (AK) to form aspartate phosphate. 
Homoserine dehydrogenase (HSD) subsequently catalyzes aspartate phosphate 
sequentially into aspartate semialdehyde and homoserine, respectively, by two 
NADPH-mediated reduction. Homoserine is then phosphorylated by 
homoserine kinase to form 0-phosphomoserine (OPHS),that is converted into 
Thr by threonine synthase (TS). Thr is either directly incorporated into 
proteins or further deaminated by threonine deaminase (TD) to yield 
oxobutyrate that serves as a precursor for lie biosynthesis. 
OPHS not only serves as the substrate for Thr, but is also competed by 
cystathionine y-synthase (CGS) for Met synthesis. Cystathionine y-synthase 
catalyzes sulfur-linked joining of OPHS and cysteine to form cystathionine and 
orthophosphate. The carbon skeleton of cysteine is cleaved by cystathionine 
3-lyase, leaving sulfur attached to the homoserine carbon skeleton, to form 
homocysteine. Homocysteine is then converted to Met by 
tetrahydrofolate-mediated methylation of homocysteine, catalyzed by Met 
synthase (MS). 
Met has three major destinies: (i) incorporated into storage proteins in 
seeds; (ii) adenoslated into S-adenosylmethionine (SAM); and (iii) methylated 
to form S-methyl methionine (SMM). SAM provides methyl group for DNA 
and RNA modification and synthesis of plant structural components such as 
lignin precursors, choline and pectin. The carbon skeleton of SAM is used as a 
precursor for ethylene and poly amines. On the other hand, SMM plays a major 
role in phloem sulphur transport (Bourgis et al.，1999). 
Lys biosynthesis, another branched pathway, starts with 
dihydrodipicolinate synthase (DHPS) catalyzed condensation of aspartate 
semialdehyde and pyruvate to form 2,3-dihydodipicolinate. In fact, the pathway 
for Lys synthesis is yet to be completely understood. Dihydrodipicolinate 
reductase (DHDR), diaminopimelate epimerase (DAPE), and 
m-diaminopimelate decarboxlyase (DAPD) was shown to be involved in the 
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formation of Lys (Chatterjee et al., 1994). Lys has two major fates: (i) 
incorporated into seed storage proteins; or (ii) catabolized by lysine 
ketoglutarate reductase (LKR), saccharopine dehydrogenase (SDH) and 
aminoadipic semialdehyde dehydrogenase (ASD) via saccharopine into 
glutamate (Glu) and pipecolic acid (Chatterjee et a l , 1994). 
5 
1.2 Regulation of aspartate family amino acids between sink and 
source organs 
1.2.1 Co-ordination of genes/enzymes involved in amide amino acid 
metabolism to channel aspartate for aspartate family amino acid 
synthesis 
This regulation involved the coordination of genes/enzymes between 
source and sink organs in the plant. Asn synthesized in source tissues, via the 
action of asparagine synthetase (AS) is transported to sink tissues, whereas 
excess Asn is catabolized to generate Asp and ammonia through the action of 
asparaginase (ASA). Ammonia will then be re-assimilated through the 
combined action of glutamine synthetase (GS) and glutamate synthase 
(GOGAT). Aspartate aminotransferase (AAT), on the other hand, directly 
converts Glu to Asp. Aspartate kinase (AK) and aspartate kinase-homoserine 
dehydrogenase (AK-HSD) will channel the Asp to the synthesis of Asp-derived 
amino acids. The complex interplay of these enzymes involved in aspartate 
metabolism is depicted in Figure 1.2. 
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Figure 1.2 Pathway linking amide amino acid (Gin, Glu, Asp and Asn) and aspartate 
family amino acids (Thr, Met, Lys and lie) synthesis. Asn synthesized in source 
tissues, via the action of asparagine synthetase (AS) is transported to sink tissues, 
whereas excess Asn is catabolized to generate Asp and ammonia through the action 
of asparaginase (ASA). Ammonia will then be re-assimilated through the combined 
action of glutamine synthetase (GS) and glutamate synthase (GOGAT). Aspartate 
aminotransferase (AAT), on the other hand, directly converts Glu to Asp. Aspartate 
kinase (AK) and aspartate kinase-homoserine dehydrogenase (AK-HSD) will 
channel the Asp to the synthesis of Asp-derived amino acids. 
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How the genes/enzymes were coordinated to determine the metabolic 
flux of Asp? Molecular analysis suggests that the channeling may be regulated 
though a coordinated regulation of AS, AH-HSD and ASA. There are three 
forms of asparagine synthetase gene in A.thaliana, designated as ASNl, ASN2 
and ASN3. The function of ASN3 is not well defined. The role of ASN2 may be 
related to the excessive amount of ammonia generated during photorespiration 
and stress responses (Lam et al , 1998). Over-expression of ASNl, rather than 
ASN2 or ASN3 leads to a drastic increase of free Asn (Chan, 2000). This 
strongly indicates that ASNl, rather than ASN2 or ASN3 is the major metabolic 
gene that regulates Asn synthesis under normal light-day cycle. Because of the 
higher nitrogen to carbon ratio (2:4), compared with glutamine (Gin) (2:5) (Lam 
et al., 1994), Asn is an ideal nitrogen currency during transportation. Nitrogen 
synthesized in the source tissues such as mature leaves, is usually transported in 
the form of Asn to sink organs like developing siliques. Asn level in source 
organs has great implication in modulating the sink-source relationship. 
Previous studies have shown that an elevated level of Asn in source organs of 
maize and rye was correlated with high protein contents in their seeds 
(Dembinski et al., 1996; Lohaus et al., 1998). Another line of evidence is that 
ASNl expression level was strongly induced in naturally senescing leaves of 
A. thaliana to remobilize the nutrients to other developing organs (Fujiki et al., 
2001). In addition, Kentaro and his colleagues (2000) showed that AS protein is 
preferentially located in companion cells of vascular tissues of leaf sheath and 
grains at the active stage of storage protein synthesis in rice plant. This further 
confirms the role of AS in nitrogen remobilization (Nakano et al., 2000). 
In shoots, fruits and seeds of developing legumes, ASA catabolizes 
transported Asn into Asp and ammonia. Ammonia will then be re-assimilated 
through the combined action of GS and GO GAT. Elevated ASA activity was 
found in seed coat of developing lupin and pea seeds (Ireland and Joy, 1981; 
Pate, 1989; Murray, 1992). In particular, Asn constitutes 70% of transported 
nitrogen in developing pods, which is mainly metabolized by enhanced activity 
of ASA, GS and GOGAT (Azevedo et al., 1997). Indirect evidence to support 
the conversion of asparagine to aspartate in sink organs was also found in 
tobacco seeds as free amino analysis of developing tobacco seeds reveals that 
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the peak of Asn level is followed by the peak of Asp level (Karchi et al., 1994). 
At the same time, AAT may generate additional Asp from Glu. However, the 
exact role(s) of individual AAT isozymes (cytosolic, chloroplastic, peroxisomal 
and mitochondrial) in synthesizing Asp for aspartate kinase pathway remained 
unclear. Indirect evidence to support the conversion of asparagine to aspartate in 
sink organs was also found in tobacco seeds as free amino analysis of 
developing tobacco seeds reveals that the peak of Asn level is followed by the 
peak of Asp level (Karchi et al., 1994)Asp generated through the action of ASA 
and AAT is rapidly channeled into aspartate kinase pathway, probably through 
the induced expression of AK-HSDl in developing A.thaliana seeds 
(Zhu-Shimoni and Galili, 1998). 
1.2.2 Sink-source regulation as a general mechanism in higher plants 
Previous discussion has implicated the co-ordination of genes/enzymes 
involved in nitrogen metabolism in remobilizing amide amino acids from source 
organs to aspartate family amino acids in sink organs. Similar sink-source transition 
is also observed throughout the life cycle of plant. Initial growth of seedlings (sink) 
requires supplies of nutrients from storage products in seeds (source). At later stage 
of plant growth, photosynthetically active mature leaves (source) are capable of 
exporting nutrient to developing sink tissue such as developing young leaves, roots 
and developing seeds. In annual plants, during senescence of the leaf and root 
tissues, all the metabolites will be mobilized to the ultimate sink organ: seeds. 
How the ‘strength’ of sink tissues regulate metabolism of source tissues? 
Or how the change in metabolism of source tissues influence the ultimate 
composition of sink tissues? The mechanism by which resource allocation is 
regulated at whole plant level was important, but still unanswered. Sink-source 
regulation determines the pattern of carbon, nitrogen, sulphur and phosphorous 
allocation between different plant organs. In the past decade, much research has 
focused on regulation of carbohydrate partitioning. Accumulated sugar in sink tissues 
has been shown to modulate genes involved in sugar transport, photosynthesis, light 
perception, sugar catabolism, storage product metabolism and even transcriptional 
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factors in both monocotyledonous and dicotyledonous plants (Koch, 1996; Dijkwel 
et a l , 1997; Weber et a l , 1997; Chiou and Bush, 1998; Felitti and Gonzalez, 1998; 
Geiger et al., 1998; Weber et al., 1998). It should be noted that sulphur availability to 
the plants greatly influences the composition of sulphur in seed storage protein (Zhao 
et al., 1996; Sunarpi and Anderson, 1997). 
One representative example of sink-source regulation is the sugar regulation 
on the activities of invertase and sucrose synthase (SuSy) in higher plants. Sucrose, 
transported from source leaves to developing seeds, is hydrolysed by invertase into 
corresponding hexoses, or cleaved by SuSy, to form fructose and UDP-glucose for 
direct uptake and utilization by the cells. Elevated cell-wall-bound invertase 
transcript and SuSy expression have been observed under high carbohydrate supply 
to sink organs in Chenopodium, tomato, and tobacco (Godt et al., 1995; Ehness and 
Roitsch, 1997; Godt and Roitsch, 1997). These findings suggest that invertase and 
SuSy play important roles in carbon partitioning between sink and source organs. 
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1.3 Source regulation at free amino acid level 
1.3.1 Regulation of methionine synthesis 
The above discussion summarized a holistic view on the sink-source 
regulation of aspartate family amino acids at the whole plant level. In the 
following, focus will be placed on the genes/enzymes involved in the 
aspartate kinase pathway in regulating the level of free Met and Lys. This 
control adds another level of sink-source regulation at biochemical level. 
The amount of free Met and Lys is the source for the synthesis of lysine 
and methionine containing proteins, therefore these proteins can be 
regarded as a major biochemical sink for these amino acids. The control of 
sulfur and methyl-group assimilation into Met via cysteine and 
methyltedrahydrodolate has been discussed extensively (Hesse et al., 2001; 
Hoefgen et al., 2001). The following discussion will only concentrate on 
the regulation of carbon flux into Met via CGS. Recent biochemical, 
genetic and molecular studies suggest that the flux is regulated by (i) 
competition for OPHS between TS and CGS; (ii) turnover of CGS mRNA; 
and (iii) Post-translational modification of the CGS protein 
1.3.1.1 Competition for OPHS between TS and CGS 
Which enzyme is more effective in competing for OPHS? The Km 
value of CGS for OPHS are 2.5mM (Ravanel et al., 1998), whereas the Km 
values of TS for OPHS was found to be 2 5 0 - 5 0 0 i L i m in the absence of SAM 
and 10|am with SAM (Curien et al., 1996; Curien et al., 1998). This in vitro 
data suggest that TS enzymes have more than 100-fold affinity to OPHS 
than CGS. If this situation is applicable within the cells, most of the carbon 
skeleton will divert into Thr. This hypothesis is supported by the in vivo 
data. Transgenic A. thaliana and tobacco constitutively expressing feedback 
insensitive AK increase the level of Thr by 2-9 folds in leaves, but the Met 
level remained unchanged (Shaul and Galili, 1992; Shaul and Galili, 1993; 
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Tzchori et a l , 1996). This indicates that increased carbon flux in aspartate 
kinae pathway is preferentially directed into Thr instead of Met in leaves. 
More evidence to support the dominant role of TS over CGS in 
controlling carbon flux was obtained through analysis of TS and CGS 
mutant. As TS directs most of the carbon flux into Thr, we would expect 
that impaired activity of TS will substantially divert the flux into Met. In 
one of the A. thaliana mutants, mto2, a point mutation in the enzymatic 
binding site of TS significantly reduced its activity. This lead up to a 
22-fold increase of Met in young rosette leaves (Bartlem et al., 2000). 
Moreover, antisense construction of TS in transgenic potato further 
increase the Met level up to 239 fold in leaves, relative to the wild type 
(Zeh et al., 2001). Although over-expressing CGS in A.thaliana increased 
the CGS activity by more than 15-fold, the increase of Met is only 4-fold 
which is much less drastic than in TS mutants (Kim et al , 2002). This in 
vivo data support that the activity of TS, rather than the activity of CGS is 
the critical factor in regulating Met level. 
In addition to enzymatic regulation of TS in controlling Met 
level, will other Asp related metabolites affect the gene expression level of 
TS? Amount of TS mRNA was abundant in flowers, leaves, and roots, but 
scare in stems and tubers in potato. However, TS expression from detached 
leaves of potato is unresponsive to incubation of nitrogenous compounds 
(Asn and Gin), precursors (Sue, oxalacetate, homoserine, and OPHS), and 
products (phosphate and Thr) in 24 hour of continuous light (Casazza et al., 
2000). These findings do not suggest metabolic control of TS gene in 
potato. 
1.3.1.2 Turnover of CGS mRNA 
Recent data suggests that the stability of CGS mRNA plays a 
significant role in regulating Met level. In the A. thaliana mutant mtol, it 
accumulates over 40-fold Met in leaves, compared to wild type plants 
(Inaba et al., 1994). The over-production of Met in the mutant is attributed 
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to the increased mRNA stability, due to a point mutation in first exon of 
CGS (Chiba et a l , 1999). Application of Met in the growth medium leads to 
5'-truncated mRNA in wild type plants. However, increased Met content 
has no detectable effect on mRNA, protein and enzymatic activity of CGS 
in potato (Zeh et al , 2001). These contrasting findings of CGS in response 
to Met suggest a different mode of regulation of Met synthesis between 
A.thaliana and potato. In addition to metabolite regulation, CGS gene 
expression level was up-regulated, but auxin repressed during strawberry 
fruit ripening (Marty et a l , 2000). This reveals another level of 
developmental and hormonal regulation of CGS. The dominant role of 
developmental control over gene regulation has been demonstrated in mto-2 
mutants. The drastic increase of Met gradually returns to normal level in the 
older rosette leaves and other reproductive organs when the plants start to 
bear fruits and flowers (Bartlem et al., 2000). 
1.3.1.3 Post-translational regulation of CGS enzyme 
Comparison of the CGS amino acid sequence between E.coli and 
A.thaliana revealed a unique N-terminal sequence in the plants, and this 
sequence is not located within the catalytic site. Comparative analysis of 
transgenic tobacco over-expressing full-length CGS and N-terminal 
truncated CGS confirms the essential regulatory role of this N-terminal 
region. Although transgenic plants over-expressing normal CGS are 
morphologically indistinguishable from wild-type, transgenic plants 
over-expressing truncated CGS exhibit a severe abnormal phenotype and 
accumulates a high amount of Met catabolic products such as ethylene, 
carbon disulfide and dimethyl sulfide. This region may be important to 
regulate the level of Met and its catabolic rate (Hacham et al., 2002). 
Hacham and their colleagues (2001) propose that this region may confer 
post-translational regulation of CGS because CGS mRNA and protein level 
remained the same between transgenic plant expressing normal CGS and 
transgenic plants expressing truncated CGS. In contrast to enzymatic 
end-product feedback inhibition of most the enzymes involved in Asp 
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kinase pathway, related metabolites such as cystathionine, homocysteine, 
Met, S-adenosylhomocysteine, SAM, methylthioadenosine, Thr and lie do 
not cause significant changes in CGS enzymatic activity (Ravanel et al., 
1998). Taken together, regulation of CGS mRNA stability, 
post-translational control of CGS protein and the activity of TS enzyme are 
the three major factors in determining Met level in higher plants. 
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1.3.2 Regulation of lysine synthesis and catabolism 
Studies on Lys metabolism using molecular, biochemical and genetic 
approaches revealed novel metabolic regulation mechanism of Lys biosynthesis 
and catabolism. Lys biosynthesis was regulated at many levels which comprise 
(i) feedback regulation loop; (ii) possible intracellular compartmentalization of 
enzymes and metabolites; and (iii) co-ordination of gene/enzyme in aspartate 
kinase pathway. Lys level in the cells is also determined by the rate of its 
catabolism that is also under complex regulation including (i) developmental 
regulation and stress modulation of LKR-SDH gene expression; (ii) regulation 
by novel composite locus of LRK-SDH; and (iii) post-translational control of 
LKR-SDH actiwity. 
1.3.2.1. Feedback regulation loop 
General features of flux controlling pathways include irreversibility and 
low overall activity of the enzymatic reactions. These reactions usually occur at 
the first committed step of a pathway, directly after a major branch point 
(Kinney, 1998). 
AK is the first enzyme committed in the multi-branched pathway leading 
to synthesis of Lys, Thr, Met and lie. Distinct isoenzymes can be inhibited by 
Lys alone, Thr only or synergistically by Lys and SAM. Therefore, Lys, Thr and 
Met can regulate their own synthesis through inhibition of AK. Further details 
of feedback inhibition properties of these isoenzymes in A. thaliana, barley, 
carrots, cucumber, maize, mustard, oat, pea, radish, rice, sorghum, soybean, 
spinach, sunflower, tobacco, wheat, Lemna pauciostata and Vine a rosea were 
reviewed previously (Azevedo et al., 1997). 
In addition to the AK activity, the bifunctional enzyme AK-HSD 
contains HSD domain that catalyzes aspartate semialdehyde into homoserine 
using NADPH or NADH as the reductant. These enzymes have been purified 
and characterized in carrot, maize, pea and A.thaliana (Aames, 1978; Azevedo 
et al., 1992). The existence of these bi-functional enzymes was further 
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confirmed by identification of genes that exhibit strong homologies with 
Thr-sensitive AK-HSD gene found in E.coli (Azevedo et al., 1992; Weiseman 
and Matthews, 1993; Ghislain et al., 1994; Muehlbauer et al.，1994). Paris and 
colleagues (2002) confirmed that Thr is capable of inhibiting both AK and HSD 
activity in A.thaliana AK-HSD (Paris et al., 2002). The feedback regulation 
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Figure 1.3. The feedback regulation loop on enzymes involved in lysine synthesis. 
Distinct isoenzymes of AK have been found to be feedback inhibited by Lys alone, 
Thr only or synergistically by Lys and SAM. Therefore, Lys, Thr and Met can 
regulate their own synthesis through inhibition of AK. On the other hand, HSD 
activiy in AK-HSD was found to be inhibited by Thr. DHPS is the major regulatory 
enzyme controlling level of free Lys. AK, aspartate kinase; HSD, homoserine 
dehydrogenase; DHPS, dihydrodipicolinate synthase; 3-ASA, 3-aspartyl 
semialdehyde; SAM, S-adenosylmethionine. Dashed arrows with a minus sign 
indicate end-product feedback inhibition loops. 
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Although feedback insensitive form of AK can theoretically enhance 
Lys synthesis, DHPS rather than AK is the determinant regulatory enzyme 
controlling the Lys synthesis. Evidence to support this argument can be found by 
comparing the Lys level in feedback insensitive AK and DHPS transgenic plants. 
Transgenic A.thaliana and tobacco constitutively expressing feedback 
insensitive AK (mutant allele of lysC from E.coli) show no change of Lys level, 
but up to a 9-fold increase of Thr in leaves (Shaul and Galili, 1992; Tzchori et al., 
1996). Similarly, seed specific expression of this gene in the transgenic tobacco 
also resulted in a 13-16-fold increase of Thr, but no significant change in Lys 
amount (Karchi et al., 1993). However, transgenic plants expressing feedback 
insensitive DHPS in a seed specific manner accumulated up to 100 fold higher 
free Lys (Falco et al., 1995). 
Different from the feedback regulation property of the DHPS enzyme, the 
expression of DHPSl, one of the DHPS genes in A.thaliana, was unaffected by 
external Lys application. Moreover, the expression of DHPSl is unaltered in 
tobacco over-producing Lys (Vauterin et al., 1999). Therefore, the transcriptional 
regulation of DHPSl was unresponsive to in vivo and in vitro increase of free 
Lys. It will be interesting to test if Lys starvation will affect the pattern of 
DHPSl expression. Previous studies on DHPSl gene suggests that expression of 
DHPSl exerts effect under normal growth and development, but its enzymatic 
regulation may act as a resort mechanism to prevent accumulation of highly 
basic and thus potentially toxic Lys in the organelles (Vauterin et a l , 1999). 
One well-known mechanism of feedback inhibition is allosteric enzyme 
inhibition. End product of a pathway binds at an allosteric site on the rate 
determining enzyme (usually the first enzyme of the pathway). This binding 
shuts down the pathway, and no more products is produced. Such end product, 
rather than reducing accessibility of the active site to the substrate, cause 
changes in folding conformation that reduce the ability of the enzyme to lower 
the activation energy. In A.thaliana AH-HSD, allosteric switching between two 
conformations (dimer in the absence of allosteric inhibitor，Thr and tetramer in 
the presence of Thr) was observed (Paris et al., 2002). 
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The conformation change may be aided by molecular chaperone. 
Although detailed mechanism is yet to be known in plants, studies on yeast 
have revealed that the molecular chaperone FKBP12 is required for feedback 
insensitive capability of AK. One of the most striking evidence is that yeast 
mutant losing FKBP12, but not untransformed yeast was able to survive in 
medium containing the toxic analogue, hydroxynorvaline. This demonstrates 
that feedback inhibition property of AK is impaired in FKBP12 mutant 
(Alarcon and Heitman, 1997). 
In addition, the activity of DHPS in E.coli (encoded by dapA) was also 
regulated by the chaperone protein GroEL. Cells deprived of GroEL, are 
incapable of synthesing cell wall, leading to subsequent cell lysis. This lethal 
phenotype is linked with decrease level of dapA and its product diaminopimelic 
acid (Neil and Millicent, 1998). Since GroEL has been implicated to involve 
in protein folding of many newly synthesized proteins, this experiment strongly 
suggests that one of the specific substrate may be dap A. GroEL may either 
regulate its enzyme activity or its conformational change upon feedback 
inhibition. Interestingly, homologue of GroEL is also found in plant plastids 
(Alarcon and Heitman, 1997). Taken together, a model is proposed to integrate 
the mechanism of feedback inhibition of enzymes involved in Asp metablism 
using A.thaliana AK-HSD as an example. A model depicting the conformation 
change of A.thaliana AK-HSD mediated by molecular charperone is detailed in 
Figure 1.4. In low concentration of Thr, AK-HSD exists as dimers and the 
catalytic binding site is exposed to facilitate enzymatic reactions. However, if 
Thr accumulates, it may bind to the allosteric site in the AK-HSD, leading to 
conformation change that favors formation of tetramer, probably aided by a 
molecular charperone. As a result, catalytic binding sites are hidden and its 
enzymatic activity is hindered. 
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Figure 1A A model depicting the conformation change of A. thaliana AK-HSD 
mediated by molecular charperone. In low concentration of Thr, AK-HSD 
exists as dimers and the catalytic binding site is exposed to facilitate enzymatic 
reactions. However, if Thr accumulates, it may bind to the allosteric site in the 
AK-HSD, leading to conformation change that favors formation of tetramer, 
probably aided by molecular charperone. As a result, catalytic binding sites are 
hidden and its enzymatic activity is hindered. 
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1.3.2.2 Possible intracellular compartmentalization of enzymes and metabolites 
in regulating Lys level 
Although in vivo data supports the role of DHPS feedback inhibition in 
regulating Lys level, a deeper look into the enzymatic kinetic data reveals 
inconsistency. The Lys sensitive form of AK is half inhibited by 200-600jLiM 
Lys, while the activity of DHPS drops 50% at a level of 5-20 ^M (Craciun et al., 
2000). However, as DHPS effectively keeps the Lys concentration around 20 
|LIM, how can it be possible for the cells to increase Lys level up to hundred fiM 
to exert its effect on AK in the cells? 
There are several possible explanations for this apparent discrepancy. In 
vitro data only demonstrate the enzyme activity outside the cells. 
Post-translational modifications include proper protein folding or recruitment 
of additional protein machinery may determine its final activity inside the cells. 
Even if the in vitro data holds true, it is possible that DHPS and AK may be 
situated in different sub-cellular location of the cells where the concentration of 
the Lys is not uniform. Regulation through differential concentration of 
metabolite may be possible as calcium signaling involves sudden efflux of 
calcium ion from endoplasmic reticulum to cytosol to mediate diverse 
metabolic and developmental processes (Sanders et al., 2002). 
1.3.2.3 Co-ordination of gene/enzyme in aspartate kinase pathway in regulating 
flux to Lys 
It is logical to deduce that Lys over-producing plants require not only 
feedback insensitive DHPS to deregulate the flux, but also need orchestrated 
coordination of other gene/enzyme involved in Lys synthesis within similar or 
nearby tissues to provide adequate substrate for Lys synthesis. This hypothesis 
is supported by the similar spatial and environmental expression pattern of 
DHPSI and AK-HSD 1 in A. thaliana. Northern analysis and GUS reporter 
studies of DHPSI and AK-HSD 1 promoters indicate that their expression are not 
constitutive, but active in rapidly developing vegetative and reproductive tissues 
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such as apical and lateral meristems, lateral buds, young leaves, vascular tissue 
of growing stems, floral tissues and developing seeds. Also, they are both 
induced by light when photo synthetic related metabolites including sucrose, 
reductants and ATP are abundant (Zhu-Shimoni et al., 1997). Light induced AK 
enzymatic activity in AK-HSD is also found in barley (Rao et a l , 1999). In 
addition to spatial and environmental coordination, AK-HSD 1 expression in 
seed is developmentally co-coordinated with the initiation of seed storage 
proteins, suggesting its role in directing Asp for synthesis of Asp family amino 
acids including Lys (Zhu-Shimoni and Galili, 1998). 
The coordinated expression of genes implies there may be general 
mechanism in controlling amino acid level in higher plants. General control 
mechanism has been extensively studied in yeast. Microarray analysis of 
histidine (His) starvation in yeast uncovers induced or repressed genes involved 
in the metabolism of nearly every amino acid except cysteine. This regulation 
is mediated by the de-repression of the transcriptional activator Gcn4p 
(Natarajan et al., 2001). In agreement with previous findings, all eight LYS 
genes involved in Lys biosynthesis are Gcn4p targets (Hinnebusch, 1988). 
These genes usually process consensus or functional variant sequence for 
Gcn4p binding. Such general regulation of Gcn4p may exist in plants. 
Gcn4p-like promoter elements has been found in promoter region of AK-HSD 1. 
However, deletion of this element does not abolish the plant ability to light and 
sucrose induced responses (Zhu-Shimoni and Galili, 1998). Other evidence 
supporting general regulation is that blocking histidine synthesis with a specific 
inhibitor causes increased expression of eight genes of unrelated metabolic 
pathway in A. thaliana, inducing Lys, purine, tryptophan, tyrosine and 
phenylalanine biosynthesis. One of the upregulated genes ia DHPSl (Guyer et 
al., 1995). Therefore, accumulation of His precursors or its derived metabolites 
may act as a metabolic signal to regulate gene expression in other amino acid 
bio synthetic pathways. Previous expression studies on selected genes may 
under-estimate the number of genes affected by His starvation. Genomic 
approach, such as microarray techniques may help to unveil master regulator 
involved in amino acid biosynthesis. The effect of His starvation on the plant 
and yeast is illustrated in Figure 1.5. 
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Figure 1.5 Effect of histidine starvation on the regulation of genes involved in amino 
acid metabolism. During histidine starvation, genes involved in the metabolism of 
nearly every amino acid except cysteine were identified as Gcn4p target genes in 
yeast through microarray analysis. On the other hand, treating A.thaliana seedlings 
with histidine biosynthesis inhibitor induces increased expression of eight selected 
genes of unrelated metabolic pathway, including purine, tryptophan, tyrosine and 
phenylalanine biosynthesis. 
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1.3.3 Significance of Lys catabolism in mammal and plants 
Not only biosynthetic rate of lysine affects its level, the catabolism is equally 
important in controlling the source of free lysine in the cell. Both mammals and 
plants, excess Lys is catabolized via saccharopine and a-amino adipic semialdehyde 
into a-amino adipic acid and Glu through the action of Lys-ketoglutarate reductase 
(LKR), saccharopine dehydrogenase (SDH) and aminoadipic semialdehyde 
dehydrogenase (ASD) as shown in Figure 1.6 (Galili et a l , 2001). During 
conversion of a-amino adipic acid into acetyl-CoA, additional Glu will be 
generated. 
24 
广 、 广 ， 
Lysine a-ketoglutarate 
LKR I  
f > 
Saccharopine  
j^ DH + ^ Glutamate 
a-amino adipic 1 
semialdehyde , 
ASD I  
广 一 ^ 
a-amino adipic acid  
^ ^ ^ t f ( > 
± C Glutamate 
Acetyl -Co A  ^ 
Figure 1.6 Lysine catabolic pathway. In both mammals and plants, excess Lys is 
catabolized via saccharopine and a-amino adipic semialdehyde into a-amino adipic 
acid and Glu through the action of Lys-ketoglutarate reductase (LKR), saccharopine 
dehydrogenase (SDH) and aminoadipic semialdehyde dehydrogenase (ASD). During 
conversion of a-amino adipic acid into acetyl-CoA, additional Glu will be generated. 
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In animals, Lys catabolism is stimulated in brain tissues and its functional 
significance is to generate Glu for the regulation of nerve signal transmission. A 
defect in Lys catabolism is associated with a metabolic disorder known as familial 
hyperlysinmia, exhibiting symptoms such as mental retardation (Markovitz et al., 
1987). On the contrary, LKR-SDH knockout mutant in plant is morphologically and 
developmentally indistinguishable from the wild type even though there is only one 
copy of LKR-SDH found in A. thaliana genome (Zhu et al., 2001). This suggests that 
Lys catabolism is not essential for normal plant growth. However, if the transgenic 
plants harboring seed expressing E.coli dapA crossed with the LKR-SDH knockout 
mutant, seed germination is severely arrested. This is likely that LKR/SDH is one of 
the resort mechanisms to avoid excessive accumulation of potentially toxic Lys 
(Galili et al., 2001). 
There is other indirect evidence supporting the role of LKR/SDH in 
regulating Lys homeostasis in developing seeds. In higher plants, tobacco seed 
provides the first clue of Lys catabolism in regulating the pool of free Lys (Karchi et 
al., 1994). Further evidence in support of LKR-SDH in catabolism of excess Lys 
during seed maturation is from the studies of maize transcriptional factor, 
OPAQUE-2 that mediates molecular regulation of LKR-SDH and synthesis of the 
Lys-deficient zein storage protein (Kemper et al., 1999). Since the synthesis of zein 
storage protein does not require Lys, LKR-SDH activity is induced during the 
formation of this major storage protein in maize to avoid excess production of free 
Lys in the endosperm of the seeds. A model depicting the OPAQUE-2 mediated 
regulation of LKR-SDH and zein protein synthesis is illustrated in Figure 1.7. 
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Figure 1.7 OPAQUE-2 mediated regulation of LKR-SDH and zein protein synthesis 
in maize cells. Promoter region of both LKR-SDH and zein protein contain 
OPAQUE-2 binding box. During seed development in maize, OPAQUE-2 
transcription factor will bind to this box to initiate transcription of LKR-SDH and 
zein protein in the nucleus. Therefore, free Lys generated will be catabolized through 
LKR-SDH. The catabolic product will generate Glu for synthesis of other amino 
acids. These amino acids will be used to synthesize the major storage proteins, zein 
in developing maize seed. AA, other amino acids excluding Lys. 
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Another example is the enhanced gene expression of LKR-SDH in transgenic 
rice expressing a Lys-feedback insensitive maize DHPS (Lee et al., 2001). Seeds 
from all of these plants over-accumulate several catabolic products of Lys (Falco et 
al., 1995; Lee etal.,2001) 
1.3.3.1 Complex developmental regulation and stress response of LKR/SDH 
gene expression 
The expression of LKR-SDH gene is responsive to developmental change 
and environmental stress. In situ mRNA hybridization reveals preferential 
A.thaliana LRK-SDH expression in ovarian tissues, developing embryos and the 
outer layers of the endosperm (Tang et al., 1997). In situ analysis of SDH activity is 
also localized to reproductive tissue such as outer endosperm layers of developing 
grains in maize, but barely detectable in the embryo (Kemper et al., 1998). This 
suggests that Lys catabolism operates in different reproductive tissues between 
monocot and dicot (Kemper et al., 1999). However, LKR-SDH expression is not 
limited to reproductive organs. LKR-SDH is likely to be expressed in abscission 
zones because EST clone of LKR-SDH are relatively abundant in an EST database 
derived from cotton boll abscission zones (Arruda et al., 2000). Expression of 
LKR-SDH is not only subject to developmental regulation, treating rapeseed leaves 
with osmotic and salt stress up-regulate LKR-SDH expression (Deleu et al., 1999). 
Taken together, these suggest that Lys catabolism may play important roles in 
regulating development and stress modulation. 
1.3.3.2 Regulation through a novel composite locus LKR-SDH 
Genomic and cDNA clones encoding LKR-SDH have been isolated from 
A.thaliana and maize. Detailed promoter sequence analysis, expression profiling and 
Western analysis have shown thai A.thaliana possesses a composite LKR-SDH locus 
encoding two different polypeptides, a bifunctional LKR-SDH and a 
monofunctional SDH (Zhu et al., 2000). This monofunctional SDH is encoded by an 
autonomous gene that is embedded in the LKR gene and utilizes the 3' end of LKR 
coding region as an internal promoter to express SDH. This gene structure allows 
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differential and independent regulation of LKR/SDH and SDH in the cells. The 
detailed gene structure of LKR-SDH in A.thaliana is shown in Figure 1.8. 
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Figure 1.8 Schematic representation of the composite the LKR-SDH locus encoding 
two different polypeptides, a bifunctional LKR-SDH md a monofunctional SDH. The 
monofunctional SDH is encoded by an autonomous gene, that is embedded in the 
LKR gene and utilizes the 3' end of LKR coding region as an internal promoter to 
express SDH. The promoter of the monofunctional SDH gene (Psdh) is located 
within the coding region of the LKR/SDH locus and contains putative TATA and 
CAAAT sequences, as well as in OPAQUE-2 box. This gene structure allows 
differential and independent regulation of LKR/SDH and SDH in the cells. Plkr/sdh, 
promoter of LKR/SDH; LI, the linker region; ATG, translation initiation codons; Ter, 
transcription terminator; TGA, translation termination codon. 
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Interestingly, A.thaliana LKR enzyme works well in physiological pH of 
around 7, but both linked and unlinked SDH enzymes operate best in pH 9 and thus 
working under suboptimal in vivo conditions. This may explain why additional SDH 
is required to efficiently catabolize Lys under unfavourable physiological pH of the 
cytoplasm. Soybean LKR-SDH bifunctional enzymes show similar pH optimal, but 
they lack monofunctional SDH. Therefore, Lys over-producing soybean accumulated 
saccharopine (a product of LKR and a substrate of SDH), instead of a-amino adipoic 
acid (direct product of SDH) in A.thaliana (Falco et al., 1995; Miron et al., 2000) 
1.3.3.3 Post-translational control of LKR-SDH activity 
Recent evidence has demonstrated that Lys, phosophorylation and calcium 
can modulate the LKR activity in higher plants. Exogenous application of Lys 
induces LKR activity, involving intra-cellular calcium ion and protein 
phosphorylation cascade in tobacco seeds (Karchi et al., 1995). However, LKR is 
dephosphorylated in a Lys dependent manner in soybean (Miron et al., 1997). The 
differential response of LRK-SDH to Lys in tobacco and soybean may be attributed 
to the higher sensitivity in tobacco responding to the accumulation of potentially 
toxic Lys in seeds and therefore favouring Lys catabolism through Lys-dependent 
phosphorylation of LKR. On the contrary, Lys catabolism is reduced through 
Lys-dependent dephosphorylation of LKR to reduce Lys loss in the tissue 
synthesizing of Lys containing protein in soybean (Karchi et al., 1995; Miron et al., 
1997). 
What is the biochemical significance of linking bi-functional enzymes 
such as AK-HSD and LRK-SDH? Such linkage may enable the channelling of the 
product of the first enzyme directly into the catalytic site of the second 
enzyme(Gonca lves -Bu t ru i l l e et al., 1996) However, previous biochemical data does 
not support this hypothesis, at least in the case of LKR-SDH since LRK and SDH 
work in different pH optima (Zhu et al , 2000). Another hypothesis is that 
conformational change of LKR/SDH, regulated by the linker region, modulates the 
activity of LKR-SDH (Galili et al., 2001). This model is supported by the findings 
that SDH-containing polypeptides inhibit the enzymatic activity of LKR-containing 
polypeptides in A.thaliana. However, separation of SDH domain from LKR by 
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limited proteolysis and ion exchange chromatography has no effect on its calcium 
activation property (Galili et al., 2001). 
Will the linkage of the LKR-SDH be responsible for the conformational 
change? A recombinant LKR-SDH enzyme lacking the linker region between the 
LKR and the SDH domain exhibited similar activity compared to LKR. However, 
linked LKR and SDH, showed inhibited enzymatic activity in the presence of high 
salt concentration, which modulates non-covalent protein-protein interaction 
between LKR and SDH (Galili et al., 2001). Therefore, SDH and LKR enzymes 
may physically interact with each other through conformational change, with the aid 
of linker region. A model describing conformational modulation of LKR/SDH is 
shown in Figure 1.9. 
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Rxjtdn 
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Figure 1.9 A hypothetical model describing a conformational modulation of 
LKR/SDH (Galili et al., 2001). LKR/SDH is switched between two conformational 
states. In the presence of protein phsophatases, dephosphorylated SDH enzyme 
functionally interacts with its linked LKR enzyme and negatively regulates its 
activity (left). In the presence of protein kinase and calcium ions, phosphorylated 
SDH and LKR enzymes dissociate from each other, resulting in an increased LKR 
activity (catalytic site exposed as indicated by the black oval spot). Similar 
conformational alterations may explain the NaCl enhancement of the in vitro LKR 
activity of LKR/SDH. 
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1.3.3.4 Implication of two metabolic fluxes in Lys catabolism 
Taken together, molecular and biochemical data suggest that there are two 
different fluxes of Lys catabolism in plants. Activity of bi-functional LKR/SDH 
may contribute to the major metabolic flux controlling the hemostasis of Lys level 
in developing seed through a Lys-dependent stimulation of LKR activity. Operating 
both monofunctional SDH and LKR/SDH accelerate the metabolic flux to generate 
Glu for signalling response and other derived stress related metabolites as shown in 
Figure 1.10. Glu is the immediate precursors for proline, a protective osmolyte 
coping with salt stress. The synthesis of other stress related compounds such as 
polyamines and nitric oxide and pipecolic acid also requires Glu. 
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Figure 1.10 Implication of Glu generation during Lys catabolism in stress 
modulation and normal growth. Glu is the immediate precursors for proline, a 
protective osmolyte coping with salt stress. The synthesis of the stress related 
compounds such as polyamines and nitric oxide and pipecolic acid also requires Glu. 
On the other hand, Glu may regulate diverse developmental response probably 
through the action of Glu receptor (Lam et al , 2000). 
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1.4 Source (free lysine) enhancement in transgenic plants 
One of the biotechnological applications on studies of lysine metabolism is 
to enhance the lysine level in the seeds. Approaches to increase free Lys level 
include (i) expression of feedback insensitive enzymes in transgenic plants and (ii) 
reduced catabolism in transgenic plants. 
1.4.1 Expression of feedback insensitive enzyme in transgenic plants to enhance 
free lysine supply in transgenic plant 
Early attempt to improve Lys content includes constitutive production of 
feedback insensitive dapA from E.coli, driven by a constitutive promoter in tobacco 
and A. thaliana. Despite a 25-fold increase of free Lys, the plant exhibit a variety of 
morphological abnormalities including partial loss of apical dominance, delayed 
flowering, partial sterility and abnormal leaf shape(Shaul and Galili, 1992; Tzchori et 
al., 1996). Similar transgenic construction in potato only results in a 4-5 fold increase 
of free Lys in leaves, tubers and roots. This suggests that feedback regulation of 
DHPS may not be the major regulatory mechanism in potato (Perl et al., 1993). This 
minor increase of Lys does not lead to abnormal phenotype. 
To further increase the metabolic flux towards Lys, dapA transgenic 
tobacco was crossed with transgenic tobacco constitutively expressing feedback 
insensitive form of AK, this results in a more pronounced increase of free Lys (2.5 
fold higher than dapA alone transgenic plants). Again, Lys-overproduction in this 
crossing progeny leads to severe abnormal phenotype(Shaul and Galili, 1993). 
To circumvent the adverse effect of constitutive expression of DHPS, the 
bacterial DHPS was expressed in a seed-specific manner in transgenic tobacco 
plants (Karchi et al., 1993). Although no major developmental defects are observed, 
the Lys level in the seeds remains unchanged. This observation can be explained by 
the enhanced LKR activity in the developing tobacco seeds. By contrast, transgenic 
expression of DHPS from E.coli in soybean and canola exhibit a 100-fold increase 
of free Lys (Falco et al., 1995). However, free Lys accumulaion in the seeds leads to 
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poor germination rate. A table summarizing the use of feedback insensitive AK and 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.4.2 Reducing or eliminating lysine catabolism to enhance free lysine pool in 
transgenic plants 
In contrast to dicotyledonous plants, synthesis of storage proteins in the 
cereal seeds takes places in the endosperm. Therefore, it is expected that endosperm 
specific expression of bacteria DHPS should lead to either an increase in free Lys 
and/or accumulation of Lys catabolic products. Contrary to this expectation, embryo, 
rather than endosperm specific expression of bacteria DHPS results in an increased 
level of Lys and the associated catabolic products in maize (Mazur et al., 1999). 
This suggests that in situ Lys production in embryo may be transported to 
endosperm for protein synthesis in other monocots. 
The degree of Lys catabolism limits the amount of free Lys incorporating 
into seed storage protein. Attempt has been made to cut off Lys catabolism by 
knocking out LKR-SDH activity in transgenic A.thaliana, The proportion of Lys in 
seed albumins of the homozygous LKR-SDH knockout mutant is slightly but 
significantly higher (approximately 6%) than that in the wild-type plants. There is no 
statistically significant difference in Lys proportion in the seed globulins between 
the LKR/SDHknoc\iovX and wild-type lines (Zhu et al., 2001) Similar approach has 
been utilized in generating maize with high level of Lys. Opaque2 mutants have 
decreased levels of LKR-SDH enzymatic activity. A double mutant homozygous for 
Opaque! and askl (encoding a feedback insensitive AK) resulted in more free Lys, 
lower zein content, and more Lys containing protein than the Opaque 2 single 
mutants (Azevedo, 1990). In order to combine high Lys-producing trait with 
reduced Lys catabolism, LKR-SDH knockout mutant was crossed with transgenic 
plants over-expressing bacterial DHPS in tobacco. However, the germination of 
seeds was seriously retarded (Galili and Hofgen, 2002). 
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1.5. Sink regulation 
1.5.1 Engineering transgenic plants through expression of seed storage protein 
(sink) 
Lys is a highly basic amino acid and thus potentially toxic. Previous 
approach to increase free Lys through expression of feedback insensitive DHPS 
from E.coli lead to different kinds of undesirable agronomic characters. Moreover, 
an increase of free Lys in seeds may not benefit consumers as free Lys will be 
leached out after boiling. One desirable and feasible solution is to express a gene 
encoding Lys rich protein to enhance lysine content in the seeds. 
This approach has also been adopted to enhance Met content in transgenic 
plants. One of the Met rich proteins, 2S albumin (BN2S) from Brazil nut 
{Bertholletia excelsa) is a very promising candidate for Met enhancement in 
agriculturally important crop plants (Altenbach et al., 1989). Heterologous ectopic 
expression of BN2S in seeds of tabacoo, lupin, soybean, rapeseed, narbon bean, and 
potato have significantly increased the total sulfur amino acid content up to 33% 
(canola) (Hesse et al., 2001). However, plans for commercial production of BN2S 
transgenic crops were abandoned due to the allergenicity of BN2S (Nordlee et al., 
1996). On the other hand, Sunflower 2S albumin (SSA) has been exploited to 
generate a number of transgenic plants, including lupins and Trifolium repens. One 
of the homozygous trangenic lupins accumulates SSA up to 5% of salt-extractable 
seed proteins and total seed Met content is twice as much as untransformed lines 
(Molvig et al., 1997). However, an attempt to express SSA in leaves only results in 
SSA accmulation to 0.1% of total extractable leaf protein (Christiansen et al., 2000). 
Unfortunately, despite effective expression of SSA in both leaves and seeds, SSA is 
also allergenic (Kelly and Hefle, 2000). Protein with no predictable motif for 
allergenicity, Amaranth seed albumin (AmAl) is expressed in transgenic potato. 
One of the highly expressing lines exhibits about four to eight fold enhancement in 
Lys, Met, cysteine and tyrosine without affecting other endogenous proteins. 
Moreover, AmAl transgenic potato shows 30-40% increase in total seed protein 
(Chakraborty et al., 2000). The allergnicity of this protein is awaited to be tested. 
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Genes encoding Lys rich proteins have also been utilized to generate 
transgenic plants. A synthetic Lys rich-protein molecule was expressed in transgenic 
tobacco seed utilizing seed specific phaseolin and soybean p-conglycinin promoter. 
The transgenic plant expressing highest level of this synthetic polypeptide shows 47 
% and 30% increase in Lys and Met, respectively (Kelly et al., 1997). Naturally 
occurring Lys-rich protein from Winged bean was expressed in transgenic A. thaliana 
seed under the control of the phaseolin promoter leading to an accumulation of 
recombinant proteins up to 10% of the total extractable proteins in the transformed 
seeds (Cheng, 1999). Recently, this Lys-rich protein has also been successfully 
expressed in rice. The transgenic rice shows enhancement of Lys content in the seeds 
up to 17% (Gao et al., 2001). Examples of using Met rich and Lys rich protein to 
generate transgenic plants are shown in Table 1.2. 
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Table 1.2: Expression of genes encoding Met-rich or Lys-rich proteins in 
transgenic plants 
Sulfur rich Host plant Promoter Percent o f E s s e n t i a l ^ References 
protein/ Gene extractable amino 
seed protein acid 
increase 
Brazil nut 2S Tobacco French bean 10-30% (Altenbach et 
albumin (BN2S) {Nicotiana phaseolin (Met) al., 1989) 
tabacum) 
Lupin French bean 1.7-4 Up to 33% (Altenbach et 
phaseolin (Met) al., 1992) 
Tobacco A.thaliana 0.05-0.3 N.D. (de Lumen et 





Rapeseed Soybean 0.02-0.06% N.D. (Guerche et 
{Brassica lectin al., 1^90) 
napus) 
“ S o y b e a n French b e a n U p to 8% Up to 26% (Townsend 
(Glycine max) phaseolin (Met) and Thomas, 
1994) 
—Narbon bean 5 -10% (Saalbach et 
(Vicia al., 1995) 
narhonensis) 
P ^ t ^ CaMV 35S <0.01-0.2 ？ m (Tu et al., 
1998) 
Sunflower 2S L ^ Pea vicilin ^ ^ (Molvig et al., 




Trifolium A. thaliana I Up t o 0.1% I ND (Christiansen 








Amaranthus Potato Granule N.D. 400-800% (Chakraborty 
hypochondriacus bound starch (Lys, Met, et al., 2000) 
seed albumin synthase Cys, Trp) 
(AmAl) 
Paradize nut 2 S A . thaliana French bean 3-15% 132-344% (Chen, 2001) 
albumin thaliana phaseolin (Met) 
(PN2S) 
Synthetic high Nicotiana Soybean Variable Up to 30% (Kelly et al., 
Lys protein (CP tahacum P-conglycinin (Met) 1997) 
3.5) Up to 47% 
(Lys) 
Psophocarpus Oryza sativaMaize N.D. Up to (Gao et al., 
tetragonolobus ubiquitin 16.04% 2001) 
Lys-rich protein promoter 
Wing bean Lys A. thaliana French b e a n 3 - 1 0 % Up to 19% (Cheng, 1999) 
rich protein thaliana phaseolin 
Synthetic high Nicotiana French bean Variable Up to 30% (Kelly et al., 
Lys protein (CP tahacum phaseolin Lys 1997) 
3-5) 
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1.5.2 Dynamic relationship between sink protein, nitrogen metabolism and 
sulfur metabolism 
Over-expressing nutritional protein in transgenic plants usually did not lead 
to significant increase of particular amino acids. This implies additional regulatory 
control mechanism on synthesis of seed storage protein. Detailed studies on 
regulation of seed storage protein synthesis and the impact of over-expression of 
seed storage protein in transgenic plant has revealed complex dynamic relationship 
between synthesis of sink protein, nitrogen metabolism and sulfur metabolism. The 
seed storage protein is a predominant sink for excess nitrogen and sulfur in the seeds. 
They affect each other in a very dynamic way. On one hand, the composition and 
amount of seed storage protein is influenced by nitrogen and sulfur availability. On 
the other hand, the strength of sink protein will in turn regulate the activities of 
enzymes involved in nitrogen and sulfur metabolism. For instance, in non-nodulating 
soybean mutants, because of reduced nitrogen supply and relative increase of sulfur 
supply, the level of glycinin (sulfur-rich) seed storage protein is enhanced (Ohatake 
et al., 1994). Moreover, in wild-type soybean, sulfur and nitrogen nutrition also 
affects the level and composition of seed storage protein. Again, an increased 
accumulation of glycinin is accompanied with high sulfur availability (Sexton et al , 
1998; Sexton et al., 1998). 
At molecular level, expression of gene encoding the S-poor storage protein 
p-subunit of P-conglycinin is induced in soybean and A.thaliana during sulfur 
deficiency (Naito et al., 1994; Hirai et al., 1995; Fujiki et al., 2001). The signals that 
modulate the expression of storage protein gene may be metabolites that are either 
delivered by the phloem or generated in the developing seeds itself. 0-acetyl-serine 
(OAS) is proposed to be the key signal molecule. As application of OAS triggers an 
elevated transcript amount, involved in sulfate transport, assimilation and seed 
storage protein synthesis. These genes include a sulfate transporter (APR), sulfite 
reductase (SiR), OAS thiol lyase (OASTL), serine acetytransferase (SAT) and the 
p-conglycinin (Smith et al., 1997; Kim et aL, 1999; Koprivova et al , 2000). In 
addition, exogenous application methionine to in vitro seed represses the expression 
of P-conglycinin (Fugiwara et al., 1992). This suggests that metabolites involved in 
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seed proteins synthesis regulate seed storage protein gene synthesis. 
It is interesting to see that the strength of sink protein will in turn affect the 
activities of enzymes involved in nitrogen and sulfur metabolism in the cells. When 
transgenic lupin expressed a sulfur-rich protein in a seed specific manner, this 
increased sink was associated with an increase in CGS enzyme activity. This 
increased activity implies that the plants compensate for the decreased pools of free 
Met, Cys and glutathionine in their cotyledons. In particular, pool of free Met is 
only 12% to that of WT lupin (Tabe and Droux, 2002). 
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1.6 Transgenic plants with improved source or enhanced sinks 
related to aspartate family amino acids available for our research 
Previous discussion suggests that effective accumulation of storage protein 
in seeds may be limited by availability of free amino acids. Therefore, an effective 
approach to increase seed protein rich in lysine is to combine an enhanced source and 
a strong sink. To this ends, plants with different sources and sinks have been 
generated and described below. 
1.6.1 Enhanced source: ASNl over-expressers 
We have successfully deregulated the light-dark control of ASNl gene 
expression by constructing transgenic A. thaliana constitutively expressing ASNl 
using the CaMV 35S promoter (Chan, 2000). Such over-expression leads to 10-100 
folds increase in free Asn in both mature leaves and developing siliques under 
continuous light and continuous dark treatment when compared to the wild type 
control. Additional Asn may provide additional Asp (through the action of 
asparaginase) for synthesis of asparatate family amino acids in seeds. 
1.6.2 Enhanced source: metL transgenic plants 
fnetL encodes the E. coli bifunctional enzymes aspartate kinase-homoserine 
dehydrogenase (AK-HSDII). These enzyme activities were not inhibited by any of 
the aspartate family amino acids (Azevedo et al., 1997). Therefore, introduction of 
yyiQfl into transgenic plants open a feasible way to enhance the amount of aspartate 
family amino acids by overcoming the enzymatic feedback regulation. Transgenic 
plant constitutively expressing metL contains increased Lys, Thr and lie 
(approximately 2 folds, 1.6 folds and 50%, respectively) in leaves (Chen, 2001). 
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1.6.3 Altered source: ASNl RNAi (RNA interference) transgenic plants 
To suppress the expression level of ASNl in A.thaliana, technique of RNA 
interference (RNAi) was adopted. This was achieved by expressing both sense and 
antisense ASNl transcript of around 500bp, driven by a CaMV 35S promoter in 
A.thaliana. The resulting dsRNA duplex formed by the ASNl transcript would 
induce gene silencing of endogenous ASNL Although these transgenic lines showed 
reduced expression of the ASNl genes, the impact of the ASNl gene silencing on 
physiological, molecular and biochemical changes in Arabidopsis has not been 
previously analyzed (Lam, unpublished data). It may behave as an opposite manner 
with ASNl over-expressers, thus probably acting as a reduced source for aspartate 
family amino acids. However, this hypothesis needs to be tested experimentally. 
1.6.5 Effective sink: LRP transgenic plants 
Another nutritional sink protein is the Lys rich protein (LRP) extracted from 
Wing Bean (Liu, 1991). This protein contains 17 Lys residues, representing 10.83 
mol % Lys. Cloning of LRP enabled its transformation into A.thaliana to increase 
seed Lys content. However, these transgenic plants, containing LRP fused 
downstream to the French bean phaseolin promoter did not exhibit significant 
increase lysine in salt and water extractable protein. The accumulation may be 
limited by free lysine level as LRP was stably accumulated at a significant level 
(3-10%) in the cytosol from the evidence of tricine SDS-PAGE and protein 
sequencing (Cheng, 1999). 
1.7 Overall concept of this study 
Previous studies amplified the differences of free Asn in ASNl 
over-expressers under continuous light and continuous dark treatment, as compared 
to wild type control Col-0. However, the potential impact of ASNl over-expression 
on overall amino acid level, in particular those related to Asp metabolism in different 
tissues have not been thoroughly analyzed under a normal day-light cycle. As Asn is 
an economic carrier of nitrogen and major source of Asp in developing sink organs, 
we hypothesize that over-production of Asn may increase the flux of nitrogen to 
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developing organs through enhanced transportation of Asn. At the same time, Asn 
production may also enrich the amino acid pool related to Asp metabolism in the 
sink organs. 
Prior strategy to improve Lys content relies on: i) enhance source of free Lys 
through manipulation of genes in the aspartate kinase pathway; or ii) express a sink 
protein rich in Lys in a seed specific manner. We hypothesize that high level of 
foreign protein accumulation is mainly limited by level of free amino acids. 
Therefore, the strategy can be improved by generating an enhanced source and 
effective sink in the same plants. To further fine-tune the strength of the source for 
Lys, in addition to previously constructed 35S/metL, transgenic lines expressing 
feedback insensitive dapA from E.coli is generated in this research. ASNl expressers, 
which may have enhanced source of Asx (Asn + Asp) become an ideal tool to 
manipulate the sink-source relationship related to Asp metabolism. 
Furthermore, the dapA gene from E.coli will be transformed into transgenic 
A.thaliana expressing LRP. To further fine tune the Lys synthesis in seed, 
homozygous transgenic plants expressing metL in a consititively manner is crossed 
with homozygous transgenic plant expressing LRP. In addition, ASNl over-expresser 
is crossed with transgenic plant expressing LRP. We hope that transgenic plants 
intersected with different sink-source combinations may ultimately improve Lys 
content in the seeds 
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2. Materials and methods 
2.1. Materials and growth conditions 
2.1.1 Plants, bacterial strains and vectors 
The Escherichia coli strain DH5a was used as the host for gene cloning 
unless stated the otherwise. For vacuum infiltration transformation of A. thaliana 
ecotype Columbia-0 (Col-0) and transgenic A. thaliana expressing lysine rich protein 
{LRP\ the Agrobacterium tumefaciens strain GV3101 containing the helper Ti-
plasmid pMP90 was employed as the bacterial host for the target genes. The dapA 
gene from E. coli was cloned into the plant expression vector pCAMBIA 1300. A list 
of plant hosts, bacterial strains and vectors used in this research was shown in Table 
2.1. 
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Table 2.1 Plants, bacterial strains and vectors used. 
Bacteria Description References 
Agrobacterium For^ . thaliana transformation (Konc2： and Schell, 1986) 
tumefaciens GV3101/ 
pMP90 
Escherichia coli DH5a A recombinant-deficient amber (Hanahan, 1983) 
suppressing strain used for plating 
and growth of plasmid 
Plant hosts Description References 
Columbia-0 A. thaliana wild-type ecotype for Lab stock 
transformation 
359-2C-8 A. thaliana transformed with empty Lab stock 
vector 
362-D2-d6, Homozygous transgenic lines Lab stock 
3 62-4E-21 constitutively expressing ASNl 
ASNl RNAi homozygous lines Lab stock 
C2 
7-2-2 Homozygous transgenic lines From Dr. Samuel Sai-
constitutively expressing E.coli. metL Ming Sun and Dr. Li 
Chen 
4-1-7 ‘ H o m o z y g o u s transgenic lines From Dr. Samuel Sai-
expressing Wing-bean LRP in a seed- Ming Sun and Mr. Man 
specific manner Kin Cheng 
9 Homozygous transgenic lines This work 
expressing E.coli metL constitutively 
and LRP in a seed specific manner 
76,91 Homozygous transgenic lines This work 
expressing ASNl constitutively and 
LRP in a seed specific manner 
10-1-1, 10-1-2, Homozygous transgenic lines This work 
10-2-2 expressing E.coli dapA in a seed 
specific manner 
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8-1-1, 8-1-5, 9-1-1, 14-2- iHomozygous transgenic lines This work 
4, 14-2-5,14-2-6, 14-2-8, expressing E.coli dap A and LEP in a 
15-3-2, 15-3-3, 15-3-6, seed specific manner 
16-1-2, 16-1-4,16-1-5, 
16-1-6，17-2-4, 17-2-11 
Vectors Description References 
pBKTP-1 Plasmid carrying chloroplast transit From Dr. Samuel Sai-
peptide of 1,5-bisphosphate Ming Sun and Dr. Li 
carboxylase from pea for dapA Chen 
cloning and sequencing 
pTZ/phas-His30 Plasmid carrying French bean From Dr. Samuel Sai-
phaseolin promoter and terminator Ming Sun and Dr. Li 
for cloning of dapA Chen 
pCAMBIA 1300 Plasmid for plant transformation o f G i f t from Dr. QiaoQuan 
target genes Liu 
^BKJV-dapA Plasmid carrying dapA fused with This work 
chloroplastic transit peptide 
p T Z / p h a s - ~ j Plasmid carrying dapA fused with This work 
chloroplastic transit peptide, inserted 
between phaseolin promoter and 
terminator 
pCAMBIA 1300/phas-Plan t expression vector carrying This work 
dapA dapA fused with chloroplastic transit 
peptide, inserted between phaseolin 
promoter and terminator 
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2.1.2 Chemicals and reagents used 
The major chemicals and reagents used in this research are listed in 
Appendix I. 
2.1.3 Solutions used 
Major common solutions and buffers used in this research are 
tabulated in Appendix 11. 
2.1.4 Commercial kits used 
The major commercial kits used in this research are listed in 
Appendix III. 
2.1.5 Equipment and facilities used 
All equipment and facilities used in this research were provided by 
Department of Biology, The Chinese University of Hong Kong. The 
inventory was shown in Appendix IV. 
2.1.6 Growth condition 
Seeds of 左 thaliana were first surface sterilized in 100% Clorox for 3 
minutes with vigorous shaking. The seeds were then rinsed with 1ml 
autoclaved double distilled water for 3 times to remove Clorox. The surface 
sterilized seeds were individually placed onto Murashige & Skoog (MS) 
basal medium (Gibco-BRL) containing 3% sucrose and 0.9 % agar at pH 
adjusted to 5.7 using KOH. The seeds were then allowed to imbibe on MS 
agar plate at 4 � C in darkness for two days before transferring into 
environmentally controlled chambers. Regular light-dark cycle was set to a 
day length (illumination of 80|aE at 22�C) for 16 hours, followed by a dark 
period of eight hours at about 20�C. Seven to ten day old seedlings of similar 
developmental stages were transferred to Metro-Mix-200 soil (Hummert, St 
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Louis, MO) for further growth with identical conditions as described in the 
growth chamber. Different lines were transferred to separate pots and 
subirrigated using a common tray. Similar amount of water and nutrients 
were applied to all the trays, but not to individual plants to avoid uneven 
distribution of nitrogen resources. In some of the experiments, plants were 
grown in a regular light-dark cycle before treating with continuous light or 
continuous dark for 48 hours. 
2.1.7 Tagging of A, thaliana siliques of different developmental stage 
Seed age was determined by tagging each flower as it fully opened 
and we kept track of the seed age in terms of days after flowering (DAF). 
Tagging was performed between nine to noon, starting from two hours after 
eight hours of dark cycle. This was previously determined to be the optimal 
time to observe the flowers opening for the first time. Tagging consisted of 
teasing out the flower and tying thread around it, snug enough so it did not 
slip off as the siliques grew, but not so snug as to damage the flowers and 
siliques. A time-course that spanned from 5DAF and 1IDAF was performed. 
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2.2 Methods 
2.2.1 Expression pattern analysis 
2.2.1.1 RNA extraction 
Small scale RNA extraction procedure for 100-300mg starting 
material (Altenbach et al., 1989) was used to isolate total RNA from A. 
thaliana leaves, stems, rosette leaves, caulines leaves and developing siliques. 
The original protocol was scaled up according to the amount of starting 
material. The tissues were ground in liquid N2 with a mortar and pestle. 0.3 
ml of extraction buffer (0.1 M Tris-HCl, pH 8.0, 0.1 M LiCl, 0.1 M EDTA, 
and 1% SDS) and 0.3 ml of phenol were added to the fine powder. The 
mixture was vortexed and then heated at 55�C for 15 min. .\fter adding 0.6 
ml chloroform/isoamyl alcohol each (24:1, v/v), the samples were centrifuged 
at 8,000 g for 10 minutes at 4�C. The upper phase was transferred to a new 
tube and mixed with equal volume of 4 M LiCl and kept at 4 � C for 2 hr to 
overnight. The mixtures were spun at 16,000 g at 4 � C for 10 min and the 
pellets were saved. Each pellet was then resuspended in 2 M LiCl and 
centrifuged for 10 min at 4�C. After removal of supernatant, the pellet was 
resuspended in 0.25 ml diethylpyrocarbonate (DEPC)-treated H2O and 25 
3 M DEPC-treated NaOAc (pHS.O) before two volumes of ethanol were 
added. The resulting mixtures were kept at -20�C for 2 hr to overnight before 
spinning at 16,000 g for 10 min. The pellet was washed with 70% ethanol, 
air-dried and dissolved in 20 DEPC-treated H2O for storage at -70�C. The 
quantity and quality of total RNA was determined by spextrophotometric 
measurements at optical density 260nm and 280nm, and RNA denaturing gel 
electrophoresis 
2.2.1.2 Generation of single-stranded DIG-labelled ASNl DNA probes 
Gene-specific single-stranded probe was generated by two rounds of 
PCR reaction (Myerson A, 1991). The probe encompassed 1057-1647 nt of 
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the ASNl cDNA sequence using obligonucleotide primers HMOL932: 5'-
AACTCCGATAGCGGCTC and HMOL933: 5，-
AACTCCGATAGCGGCTC-3 ’ 
Round 1 PCR was performed with 55 cycles to amplify sufficient 
number of ASNl PCR product as well as consuming all the dNTPs and 
primers to avoid inefficient labelling of ASNl transgene by Dig-labelled 
dNTPs during the second round of PCR. Round one PCR reaction was carried 
out in a 50ul reaction mixture containing Ix Roche PCR buffer supplemented 
with MgCl2, 0.2mM dNTP mixture, O.S i^M primers each, 5()-100ng plasmid 
DNA and 1 unit Taq DNA polymerase (Roche). The PCFL profile was as 
follows: 94�C denaturation for 2 minutes, followed by 55 cycles of 94 ""C for 
20 seconds, 53 for 30 seconds and 72 for 2 minutes. A final cycle of 72 
for 10 minutes ensures complete elongation of DNA fragments. Round 
two PCR was a biased PCR that used reverse primers to sy]ithesize an anti-
sensed single stranded DNA probes with the incorporation of DIG-labeled 
conjugates. This PCR reaction was carried out in a lOOul reaction mixture 
containing Ix Roche PCR buffer supplemented with MgCb, O.lmM DIG 
dNTP mixture, 0.5|aM reverse primer, 50-100ng plasmid DNA and 2 units 
Taq DNA polymerase (Roche). The PCR profile was the same： as round one. 
2.2.1.3. Testing the concentration of DIG-labelled probes 
One III of probe and DIG-labelled DNA control of 5ng/|il (Roche) 
were diluted serially to 1/5-, 1/50- and 1/500-folds. One [d of each dilution 
was dotted onto a positive charged nylon membrane (Roche) followed by UV 
crosslinking. The membrane was rinsed in IX maleic acid buffer, pH 7.5 
(O.IM maleic acid, 0.15M NaCl) for 2 minutes and then soaked in 1% 
blocking solution (10% w/v blocking reagent diluted using IX maleic acid) 
(Roche) for 5 minutes. Alkaline phosphatase-conjugated antibody specific for 
digoxigenin (Roche) was diluted ten thousand folds with 1% blocking 
solution, which was added and incubated with the membrane for 10 minutes 
with gentle rocking. Unbounded antibodies were washed using IX maleic 
acid buffer, pH 7.5 for 5 minutes twice.IX detection buffer, pH 9.5 (O.IM 
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Tris-HCl, O.IM NaCl) was added to equilibrate the membrane for 1 minute. 
The membrane was transferred to a clean plastic wrap and CSPD, the 
substrate of alkaline phosphatase (Roche) was added onto the membrane. The 
wrapped membrane was placed into a film cassette and was exposed to a 
sheet of X-ray film (BioMax, Kodak) for 15 minutes at 37�C. The film was 
developed in developer and replenisher (Kodak GBX) for 1 minute and 
another 5 minutes in fixer and replenisher (Kodak GBX) with water rinsing 
between the two steps. The spot intensities of the control and samples were 
compared in order to estimate the concentration ofDIG-labelled probes. 
2.2.1.4. Northern blot 
Northern blot analysis was performed as previous described with 
modifications described below (Sambrook et al, 1989). Total RNA was first 
fractionated on 1% denaturing agarose gel electrophoresis. One gram of 
agarose powder was heat-dissolved in 87ml DEPC-treated water. After 
cooling to about 60�C, 10ml of lOX MOPS running buffer (0.2M MOPS, 
0.05M NaOAc, O.OIM EDTA, pH 7.0) and 3ml of 37% formaldehyde (v/v) 
(pH > 4.0) were added to the melted gel. It was mixed gently and poured on 
an RNase-free casting tray with comb to solidify. 41|il of RNA loading buffer 
(50% formamide, 17.5% formaldehyde, IX MOPS running buffer, l^g 
ethidium bromide and l^il 6X loading dye with 50% glycerol and 0.4% 
bromophenol blue) was added to each RNA sample. 10昭 sample volume 
was made up to 50|il with DEPC water, denatured at 55°C for 20 minutes and 
placed on ice for 1 minute. Gel electrophoresis was carried at 65V for 1.5 
hours. After taking the photo record of the gel, the RNA in the gel was 
transferred to a positively charged nylon membrane (Roche) by capillary 
transfer running in lOX SSC for 16 hours. The membrane was then fixed by 




The membranes were transferred to hybridization bottles 
separately and at least 7.5ml of pre-hybridization solution was added to each 
bottle. They were incubated at 42�C for 2 to 4 hours. Pre-hybridization 
solution consists of 50% formamide, 5X SSC, 2% blocking solution, 50mM 
Na-phosphate (pH 7.0), 0.1% N-lauroylsarcosine and 7% SDS. The pre-
hybridization solution was then discarded and the same volume of 
hybridization solution (pre-hybridization solution with 25-5()ng DIG-labeled 
probes) was added to each bottle. The membranes were then incubated at 
42°C for 16 hours inside hybridization oven with continuous rotation. 
2.2.1.6 Stringency washes 
After hybridization, the membranes were washed in cold wash 
solution (2X SSC, 10% SDS) for 15 minutes in room temperature twice. 
They were then washed with pre-warmed hot wash solution (0.5X SSC, 0.1% 
SDS) for 15 minutes in 68�C twice. 
2.2.1.7 Chemiluminescent detection 
In room temperature, the washed membranes were rinsed in IX 
maleic acid buffer, pH 7.5 for 2 minutes. Before incubating with 2% blocking 
solution for 2 to 4 hours to avoid non- specific binding. 2% blocking solution 
containing 1:10000 alkaline phosphatase-conjugated antibody specific for 
digoxigenin (Roche) was added and incubated with the membranes for 30 
minutes. Unbounded antibody were then washed with IX maleic acid buffer, 
pH 7.5 twice for 15 minutes in room temperature again before soaking in 
detection buffer (lOOmM Tris HCl, lOOmM NaCl, pH 9.5) for at least 2 
minutes. 
The membrane was transferred to a clean plastic wrap and CSPD 
(Roche) was added onto the membrane. The wrapped membrane was placed 
into a film cassette. It was exposed to a sheet of X-ray film (BioMax, Kodak) 
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at 37°C for 2 hours to overnight. The film was developed in developer and 
replenisher (Kodak GBX) for 1 minute and another 5 minutes in fixer and 
replenisher (Kodak GBX) with water rinsing between the two steps. 
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2.2.2 Amino acid analysis and nitrogen determination 
2.2.2.1 Free amino acids in A, thaliana 
Free amino acids were extracted as described by Brears (Brears et al, 
1993) with slight modifications (Chan, 2000 ). About 50mg A. thaliana 
leaves, stems, rosette leaves, caulines leaves and developing siliques were 
collected and put into microcentrifuge tubes. Their fresh weights were 
recorded and immediately frozen in liquid nitrogen. The samples were 
grounded in 175|il protein grinding buffer (O.IM Tris-HCl, 0.5% (v/v) 2-
mecaptoethanol at pH 8.0 supplemented with 150 nmole norleucine as the 
internal standard to estimate amino acid loss during protein extraction. After 
centrifugation at 16000g for 20 minutes at 代，I0[i\ supernatant was saved 
for protein assay. The remaining extracts were mixed with 510jil 
methanol/chloroform (6:2.5), followed by vortexing and incubation on ice for 
30 minutes. 450|il water and 300|al choloform were further added. The 
samples were vortexed again before spinning for thirty seconds. The upper 
aqueous phases were collected and completely dried in a Speedvac apparatus 
(Labconco, China Scientific Limited). The dried residue were resuspended in 
1 ml Li-S™ buffers (Beckman) and filtered through 0.45 nm nylon acrodisc 
filters. 50jal and 20|il of filtered samples were injected into Beckman 6300 
and Hitachi L8800 amino acid analyzer respectively for free amino acid 
analysis. 
2.2.2.2 Phloem exudates collection from A thaliana 
Phloem exudates were collected by an EDTA elution method (King 
and Zeevaart, 1974) scaled down for use with A. thaliana. Four youngest 
rosette leaves were collected per 5 week-old-plant that bore 10-15 developing 
siliques. The sink should be well established at this stage. The plants were 
allowed to enter the light cycle for 8 hours before the leaves were cut at the 
petiole bases and placed in a 500ul microcentrifuge tube with their petioles 
immersed in lOOul of 20mM EDTA (disodium salt; pH 7.0). The tubes were 
left opened in a sealed transparent container in which the atmosphere was 
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water-saturated to prevent uptake of the EDTA solution by the leaves. During 
exudation that lasted for 8 hours, leaves were subjected to light cycles 
identical to those experienced by intact plants. The ETDA solution containing 
phloem exudate was dried to pellet for about 8 hours by Speedvac apparatus 
(Labconco, China Scientific Limited). Dry weight of the leaves was obtained 
after incubating the leaves in oven at 90°C for 48 hours. 1 ml Li-S™ buffer 
(Beckman) was added to resuspend the pellets and the solution was 
subsequently filtered through a 0.45 nm nylon filter. 20|il of filtered sample 
was analyzed using amino acid analyzers. 
2.2.2.3 Soluble protein quantitation 
The protein was assayed (Bradford, 1976). Serial dilution of the 
protein standard was prepared by dissolving l-20|ig BSA in water. 800 |il of 
protein standard was mixed with 200(il dye reagent concentrate. The solution 
was incubated for 5 minutes and its absorbance at 595nm was measured. 
Water was added in place of sample for blank measurement. Standard curve 
for different protein concentration was plotted. Absorbance at 595nm of 
unknown sample was measured and matched against the standard curve to 
deduce the protein amount in the sample. 
2.2.2.4 Extraction of salt and water soluble protein from A, thaliana seeds 
Mature seeds of about 40mg were grounded in liquid nitrogen with 
pre-cooled mortars and pestles. 1ml extraction buffer (0.25M NaCl, 0.05M 
sodium phosphate, pH 7.0) was added and further grounded. The homogenate 
was transferred to a microfuge tube and spun for 10 minutes at 16000g. 
600ml supernatant was carefully removed and placed in another new 
microflige. Further centrifugation at 16000g for 10 minutes was 
recommended to pellet the cell debris. 400ml supernatant was recovered for 
desalting and removal of free amino acids using Centricon YM-3 described 
below. 
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2.2.2.5. Purification and amino acid analysis of protein extracts from A. thaliana 
seeds 
Centricon YM-3 retains protein, mostly larger than 3000 Daltons, but 
allows the passage small molecular weight salts and free amino acid. Protein 
extract (2ml maximum volume) was added to sample reservoir. Centrion 
YM-3 was centrifuged at 6000g at 2(fC until around 50ul solution left. 
Partial desalting was done through adding another 2ml of water to the sample 
reservoir and centrifuged again as previously described. The retentate vial 
was placed over sample reservoir and centrifuged at lOOOg for two minutes to 
transfer concentrate into retentate vial. An aliquot of SO i^g was freezed dried 
overnight and sent to Australian Proteome Analysis Facility for amino acid 
analysis. The samples were dissolved in 100|al water and 20ul aliquot was 
placed in a 1 ml screw cap bottle containing 200|LI1 6 N HCl plus a crystal of 
phenol. The bottle was capped with a modified mini-inert slide valve (Pierce). 
The tubes were evacuated and flushed with nitrogen 3 times. The slide valve 
was closed on last vacuum step and heated at 24 hour at 110°C. Following 
hydrolysis release pressure within a fume hood. The sample tubes were 
transferred to another container and vacuum dry. The hydrolysate amino acid 
samples were derivatised according to the Waters AccQTag method. 
Derivatisation involves a reaction of the AccQTag derivatisation reagent (6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate, abbreviated AQC) with 
primary and secondary amino acids to form fluorescent derivatives. Samples 
were then analysed by RP-HPLC using the Waters 2690 Alliance with a 
15cm X 3.9mm Waters AccQTag column (Part No. WAT052885) and 
Millenium32 analysis software. The detection of the derivatised amino acids 
was by fluorescence using the Waters 474 Scanning Fluorescence Detector 
(Excitation 250nm, Emission: 395nm). Note: Trp and Cys were not analysed 
as they are destroyed by acid hydrolysis. Asparagine and glutamine are 
converted by acid to aspartic and glutamic acid respectively. That is, the 
amino acid analysis result for Asp is a total of Asp + Asn and the result for 
Glu is Glu + Gin. 
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2.2.2.6 Total amino acid determination in mature dry seeds 
Mature seeds of about lOOmg was grounded. All the sample was 
weighed into 10 ml screw cap vials. 10ml 6M HCl added, flushed with 
nitrogen gas and heated in an oven at HOC for 24 hr. An aliquot was 
analyzed using the same procedure as previously detailed in section 2.2.2.5. 
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2.2.3 Generation of crossing progenies 
2.2.3.1. Artificial crossing of A. thaliana 
The crossing procedure was adopted (Koornneef et al., 1998). The 
young and unopened flower buds were chosen in a vigorous plant bearing 20 
to 25 buds and flowers. Their sepals, petals and stamens were carefully 
removed to expose the pistils using extra fine forceps and magnifying glass. 
Flowers bearing rough pollens, observed under lOX magnifying glass, were 
mature enough to become a suitable pollen donor. After removal of petals, 
the anthers bearing tremendous pollens were picked and touched directly on 
the exposed pistils in female parental plant. The pistils were then wrapped 
with Seran Wrap to prevent from drying out. Tags were made to mark the 
crossed flowers. Pistil should elongate within 48 hours if pollination was 
successful. Seran Wrap could be removed at this time. Fully mature seeds 
were harvested from individual tagged flowers for further analysis. 
2.2.3.2 CTAB extraction of genomic DNA 
Around lOOmg of plant tissue in a 1.5 ml reaction tube was grounded 
in liquid nitrogen. 500 ml 2X CTAB buffer (O.IM Tris-HCl, pH 8.0, 1.4M 
NaCl, 20mM ETDA, 2% (w/v) CTAB and 0.2% (v/v) freshly added 2-
mercaptoethanol was added and incubated at 65 for at least 30 minutes (up 
to several hours). 500|al chloroform was added and the samples tubes were 
inverted up and down The microfuge was spun at ISOOOrpm for 5 minutes to 
separate aqueous and organic phases. The upper, aqueous phase was 
transferred to a fresh reaction tube. Equal volume of 2-propanol was added, 
mixed well and incubated at -20°C for at least 20 minutes. The microfuge was 
centrifuged for 20 minutes at ISOOOrpm at 4°C to pellet the DNA. 
Supernatant was removed and the pellet was washed with 500 \i\ 70% ethanol. 
The microftige tube was spun for 5 minutes at ISOOOrpm. The ethanol was 
carefully removed and the pellet was air-dried. 50ul water containing lOng/ul 
RNase A was added to dissolve the pellets. Further incubation of the solution 
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at 37^C for 30 minutes removed contaminating RNA. The solution was kept 
at 40 C for prolonged storage. 
2.2.3.3. PCR screening for successful crossing 
ASNl transgene: Gene specific primers HMOL622: 5'-
TCC AACC ACGTCTTC AAAGC-3 ‘ and HMOL 933: 5，-
CTCTATTTCCACAAGGCACC-3’ for 35S Cauliflower Mosaic Virus 
promoter and ASNl gene respectively were used to screen for the ASNl 
transgene. PCR reaction was carried out in a 50ul reaction mixture containing 
Ix Roche PCR buffer supplemented with MgCb, 0.2mM dNTP mixture, 
0.5|iM primers each, 50-100ng genomic DNA and 1 unit Taq DNA 
polymerase (Roche). The PCR profile was as follows: 94�C denaturation for 
5 minutes, followed by 30 cycles of 94 "C for 30 seconds, 50 "C for 30 
seconds and 7 2 � C for 2 minutes. A final cycle of 72 for 10 minutes 
ensures complete elongation of DNA fragments. 
LRP transgene: Gene specific primers MP 620: 5'-
GAGCGTCTACATGGGTGTTTTC and MF621: 5，-
ATTGTATTCAGGATGGGCCAAAA for LRP gene were used. PCR 
reaction was carried out in a 25ul reaction mixture containing Ix Invitrogen 
PCR buffer, 0.2mM dNTP mixture, O.SfiM primers each, 50-100ng genomic 
DNA and 1 unit Taq DNA polymerase (Invitrogen). The PCR profile was as 
follows: 95°C denaturation for 7 minutes, followed by 30 cycles of 95 for 
1 minute, 50 X for 1 minutes and 72 for 1 minute and a final cycle of 72 
for 7 minutes. 
metL transgene: Gene specific primers AK-I: 5'-
AGTGTGATTGCGCAGGCAGGGG and AK-II: 5'-
TTACAACAACTGTGCCAGCCGG for metL gene were used. PCR reaction 
was carried out in a 25ul reaction mixture containing Ix Invitrogen PCR 
buffer, 0.2mM dNTP mixture, 0.5(iM primers each, 50-100ng genomic DNA 
and 1 unit Taq DNA polymerase (Invitrogen). The PCR profile was as 
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follows: 94�C denaturation for 5 minutes, followed by 30 cycles of 94 for 
45 seconds, 63 for 45 seconds and 7 2 � �f o r 2 minutes and a final cycle of 
72°Cfor 10 minutes. 
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2.2.4. Generation of transgenic plants 
2.2.4.1 Cloning of E.coli dapA gene 
The nucleotide sequence of E.coli dapA gene encoding feedback-
insensitive dihydrodipicolinate synthase was previously determined (Richaud 
et al., 1986). Minor sequence editing was made on its coding region after 
completion of genome sequencing of E.coli. The complete coding sequence 
of dapA was shown in figure 2.1. PCR was performed to amplify the dapA 
gene from E.coli. Two oligonucleotide primers, HMOL 1313 5'-
CGGGATCCTTCACGGGAAGTATTGTCG and HMOL 1314 5'-
CCCAAGCTTCCATCAAATCTCCCTAAAC were used in which BamHI 
and Hindlll sites (underlined) were added to primers HMOL 1313 and 
HMOL 1314 respectively. PCR reaction was carried out in a 50ul reaction 
mixture containing Ix Advantage 2 PCR buffer, 0.2mM dNTP mixture, 
1.5mM MgCb, 0.5|LIM primers each, 50-100ng genomic DNA and 2.5 units 
Taq DNA polymerase with minor proofreading activity (Clontech). The PCR 
profile was as follows: 94�C denaturation for 7 minutes, followed by 30 
cycles of 9 4 � C for 30 seconds, 5 2 � C for 30 seconds and 72 for 1 minute 
and A final cycle of 72 for 7 minutes. 
1 a t g t t c a c g g g a a g t a t t g t c g c g a t t g t t a c t c c g a t g g a t g a a a a a g g t a a t g t c t g t 
61 c g g g c t a g c t t g a a a a a a c t g a t t g a t t a t c a t g t c g c c a g c g g t a c t t c g g c g a t c g t t 
1 2 1 t c t g t t g g c a c c a c t g g c g a g t c c g c t a c c t t a a a t c a t g a c g a a c a t g c t g a t g t g g t g 
1 8 1 a t g a t g a c g c t g g a t c t g g c t g a t g g g c g c a t t c c g g t a a t t g c c g g g a c c g g c g c t a a c 
2 4 1 g c t a c t g c g g a a g c c a t t a g c c t g a c g c a g c g c t t c a a t g a c a g t g g t a t c g t c g g c t g c 
3 0 1 c t g a c g g t a a c c c c t t a c t a c a a t c g t c c g t c g c a a g a a g g t t t g t a t c a g c a t t t c a a a 
3 6 1 g c c a t c g c t g a g c a t a c t g a c c t g c c g c a a a t t c t g t a t a a t g t g c c g t c c c g t a c t g g c 
4 2 1 t g c g a t c t g c t c c c g g a a a c g g t g g g c c g t c t g g c g a a a g t a a a a a a t a t t a t c g g a a t c 
4 8 1 a a a g a g g c a a c a g g g a a c t t a a c g c g t g t a a a c c a g a t c a a a g a g c t g g t t t c a g a t g a t 
5 4 1 t t t g t t c t g c t g a g c g g c g a t g a t g c g a g c g c g c t g g a c t t c a t g c a a t t g g g c g g t c a t 
6 0 1 g g g g t t a t t t c c g t t a c g g c t a a c g t c g c a g c g c g t g a t a t g g c c c a g a t g t g c a a a c t g 
6 6 1 g c a g c a g a a g g g c a t t t t g c c g a g g c a c g c g t t a t t a a t c a g c g t c t g a t g c c a t t a c a c 
7 2 1 a a c a a a c t a t t t g t c g a a c c c a a t c c a a t c c c g g t g a a a t g g g c a t g t a a g g a a c t g g g t 
7 8 1 c t t g t g g c g a c c g a t a c g c t g c g c c t g c c a a t g a c a c c a a t c a c c g a c a g t g g t c g t g a g 
8 4 1 a c g g t c a g a g c g g c g c t t a a g c a t g c c g g t t t g c t g t a a 
Figure 2.1. The complete coding sequence of dapA. 
The underlined sequences, atg and taa represent the start and stop codon respectively. 
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2.2.4.2. Preparation of recombinant plasmid 
Single colony was inoculated into 5ml of LB broth supplemented with 
100|ig/ml ofampicillin and grown at 37�C overnight with shaking at 200rpm. 
The recombinant plasmid was extracted by using Wizard™ Plus Minipreps 
DNA purification systems (Promega A7510). The cells were pelleted and 
resuspended in 200|al of Cell Resuspension Solution (50mM of Tris-HCl, pH 
7.8, lOmM of EDTA, 100昭/ml of RNase A). 200|il of Cell Lysis Solution 
(0.2M of NaOH and 1% SDS) was added and the solution was mixed by 
gently inverting the tubes for several times till the suspension turned clear. 
Before addition of 200^1 of Neutralization Solution (1.32M potassium acetate, 
pH4.8), the solution was inverted gently for four times and centrifuged at 
10,000g for 5 minutes. The supernatant was transferred into a barrel of the 
Minicolumn/Syringe assembly with 1ml Wizard™ Plus Minipreps DNA 
Purification Resin. Vacuum was applied until the entire sample had passed 
through the column. Two ml of Column Wash Solution (80mM potassium 
acetate, 8.3mM Tris-HCl, pH7.5, 40iaM EDTA) was added into the syringe 
and vacuum was applied to draw them through the column. The Minicolumn 
was transferred into a 1.5ml microcentrifuge tube and centrifuged at 10,000g 
to remove the residual wash solution. The Minicolumn was then transferred 
to a new microcentrifuge tube and 20|il of double distilled water was added to 
elute the bound plasmids. After standing for 1 minute, the Minicolumn was 
centrifuged at 10,000g for 1 minute to elute the plasmid DNA. DNA 
concentration and quality were determined by spectrophotometric 
measurements at optical density 260nm and 280nm. 
2.2.4.3 Gene sequencing 
The ABI PRISM™ dRhodamine Terminator Cycle Sequencing Ready 
Reaction kit (Perkin Elmer 402078) was used to make single-stranded DNA 
by PGR for sequencing. Two |LI1 3M sodium acetate, pH5.2 and 50^1 95% 
ethanol were added to the PGR products. The mixture was kept on ice for 30 
minutes and centrifuged at 14,000g for 30 minutes. The DNA pellet was 
washed in 70% ethanol. The washed and vacuum-dried pellet was then 
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resuspended in 15 \x 1 Template Suppression Reagent (Perkin Elmer), 
denatured at 95�C for 2 minutes and placed on ice immediately. The sample 
was then applied to the Genetic Analyzer ABI prism 310 to resolve the cycle 
sequencing product. Raw data of the sequencing reaction were collected by 
ABI PRISM 310 Genetic Analyzer Data Collection software and analyzed by 
ABI PRISM 310 Genetic Analyzer Sequencing Analysis software. 
2.2.4.4. Homology search of differentially expressed genes 
All sequences obtained from DNA cycle sequencing were analyzed by 
Blastn and Blastx programs in the website of National Center for 
Biotechnology Information (http://wvvvv.ncbi.nlm.nih.gov/). 
2.2.4.5 Construction of chimeric dapA genes (TV-Th^s-dapA) 
The chimeric gene construct used for plant transformation was 
illustrated in figure 2.2 to 2.4. The coding sequence of dapA, amplified 
through PCR was inserted into pBKTP-1 containing the pea chloroplast 
transit peptide of the small subunit of ribulose 1,5-bisphosphate carboxylase. 
The resulting plasmid ^BY:Y?-dapA was modified by adding a Xbal linker at 
the 3, end oidapA Jht TP-dapA fragment was then released by cutting with 
Xbal At the same time, Phas-HisP30 harboring phaseolin promoter was 
digested with AccI to release the inserted P30 protein. After fill in, a Xbal 
linker was ligated to the plasmid. Previously Xbal digested TP-dapA 
fragment was ligated with Xbal digested Phas-HisP30 to form pTZ/Phas-
dapA. The resulting plasmid was cut using EcoRI and PstI to release the 
fragment for cloning into EcoRI and PstI digested pCAMBIA 1300 for in 
planta transformation. 
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Figure 2.2 Cloning of dapA into pBKTP-1 containing a pea chloroplast transit peptide (TP) 
of the small subunit of ribulose 1,5-bisphosphate carboxylase. 
The dapA was amplified by PGR and inserted into pBKTP-1. The resulting plasmid pBKTP-
dapA was modified by adding a Xbal linker at the 3' end of dap A. The TV-dapA fragment was 
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Figure 2.3 Construction of pTZ.Phas-dapA 
pTZ/Phas-HisP30 harboring phaseolin promoter (Phas-Pro) and phaseolin terminator (Phas-Ter) 
was digested with Accl to release the inserted P30 protein. After filling in, a Xbal linker was 
ligated to the plasmid. Previously Xbal digested TP-dapA fragment was ligated with Xbal 
digested Phas-HisP30 to form pTZ/Phas-^a;?^. The pTZ/phas-^/ap^ fragment was then released 
by cutting with Xbal. 
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Figure 2.4 Construction of the chimeric gene pl300/Phas-^/fl/?^ for inplanta transformation 
The pTZ/phas-<iapy4 fragment was inserted into EcoRI and PstI digested pCAMBIA 1300 for in 
planta transformation. HPH: Phosphotransferase; 35S Pro: 35S promoter of cauliflower mosaic 
virus; 35S Ter: 35S terminator of cauliflower mosaic virus. 
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2.2.4.6 Transformation of electro-competent Agrobacterium cell 
An aliquot of 40[i\ of electro-competent Agrobacterium strain, 
GV3101/pMP90, was thawed on ice and mixed with 10-50ng 
pUOO/FhsiS-dapA in a pre-chilled electroporation cuvette. The mixture was 
further incubated on ice for 30 minutes. After removing the moisture on the 
surface, the cuvette containing sample mixture was inserted into the gene 
pulser apparatus (BioRad GenePulser, Model No. 165-2076). Electroporation 
was performed at: 25 \xF, 2.5 kV and 600 ohms. After discharge, 1ml SOC 
medium was immediately added to rescue the cells. The culture was then 
transferred to 1.5 ml microfuge and incubated at 28�C for 2 hours with 
shaking at 200 rpm (Orbital shaker, Lab. line 4628-1). The recovered culture 
was then spread on YEP agar plate supplemented with appropriate antibiotics 
(50mg/L rifampicin, 25mg/L gentamycin and 50mg/L kanamycin). The 
transformed Agrobacterium was allowed to grow at 28�C for 2-3 days. 
2.2.4.7. Transformation of A. thaliana through vacuum infiltration 
A. thaliana ecotype Columbia-0 and transgenic A. thaliana 
harbouring LRP were subject to Agrohacterium-mQdiidittd transformation as 
described by Bechtold and Pelletier (1993) with minor modification. Seeds of 
A. thaliana were germinated in the soil and allowed to grow until the primary 
inflorescence was 5-15 cm tall and the secondary inflorescences appeared at 
the rosette. Siliques were clipped from the plants right before infiltration. The 
A. tumefaciens strain GV3101 (pMP90) containing the chimeric gene 
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construct, pl300/phas-^/a/?^ was inoculated into a 500 ml culture of YEP 
medium (10 g/L Bacto peptone, 10 g/L yeast extract, 5 g/L NaCl) supplied 
with 50 mg/L rifampicin, 50 mg/L kanamycin, and 25 mg/L gentamycin. The 
cultures were grown at 2 8 � C overnight with shaking until their optical 
density at 600nm (ODeoo) were about 2.0 before centrifuging at 6000 rpm 
(Beckman J2-M1, JA-10 rotor) for 15 min. The pellets were saved and 
resuspended in 1 liter of infiltration medium each [2.2 g MS salts, 1 x B5 
vitamins (100 mg/L myoinositol, 10 mg/L thiamine-HCl, 1 mg/L nicotine 
acid and 1 mg/L pyridoxine-HCl), 50 g/L sucrose, 0.5 g/L MES, pH 5.7， 
0.044 jiM benzylaminopurine, and 200 \x\ Silwet L-77]. The resuspended 
bacterial solutions were placed inside a vacuum desiccator. The entire A. 
thaliana plants were inverted and submerged into the solution, excluding the 
rosette. A vacuum was drawn until bubbles were appeared in the bacterial 
cultures. The plants were left to stay under this condition for 10 min. The 
infiltrated plants were then returned to growth chambers of growth conditions 
of 16 hr light/8 hr dark at 20�C to 22�C. After 3 weeks, sufficient amount of 
dry seeds were ready for harvest and fiirther screening. 
2.2.4.8 Selection of hemizygous and homozygous transgenic plants 
For each plant, approximately 2500 seeds were surface sterilized and 
plated out on the germination hygromycin selection medium (2.15 g/L MS 
salts, 1% sucrose, 0.5 g/L MES, pH 5.7, 0.9% Bacto agar, and 20 |Lig/ml 
hygromycin A). Transgenic plants (Tl) were selected based on their ability to 
grow on the hygromycin selective medium in environmentally controlled 
growth chamber of 16 hr light/8 hr dark at 22 to 25�C. After about two weeks, 
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untransformed plants failed to expand their cotyledon and appeared yellow. 
Conversely, transformants gave green true leaves which were transferred to 
soil and allowed to grow and self-pollinate. Resulting seeds were collected 
and tested for the segregation of hygromycin resistance gene based on 
Chi-square analysis. The parent of T2 seedlings that exhibited three-quarters 
hygromycin resistance was regarded as hemizygous plants with single locus 
insertion. To accelerate both screening and analysis, twelve T2 seeds from 
each line were grown on MS without hygromycin selection, along with Col-0, 
ASNl over-expresser, LRP transgenic plants and the homozygous crossing 
progenies for 10 days. Seedlings of similar developmental stage were 
subsequently transferred to soil and allowed to grow until dry seeds formed. 
Seeds from individual LRP/dapA and dapA alone transgenic plants were 
tested for homozygosity with respect to the transgene by plating about 150 
seeds in the MS/hygromycin plates. Transgenic lines (T3) with 100% 
hygromycin resistance were regarded as homozygous for dap A. At the same 
time, remaining seeds from these homozygous lines can be used for amino 
acid analysis, in conjunction with other control and transgenic lines. 
2.2.4.9 Expression analysis of homozygous LRP/dapA transgenic plants 
RNA was extracted as previously described and the expression of the LRP 
and dapA genes was performed by RT-PCR (Reverse Transcription-Polymerase 
Chain Reaction). RT was started by adding a mixture of 1M. 85 U M oligo dT, L | A 
lOMm dNTP mix and S^g total RNA. DEPC-treated water was added to \2\x\. The 
mixture was heated to 65°C for 5 min. and quickly chilled on ice. The contents were 
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collected by brief centrifugation. 4^1 5X first stranded buffer, O.IM DTT and 1|LI1 
RnaseOUT recombinant Ribinuclease inhibitor (40 units/|il) was added. The 
contents of the tube was mixed gently and incubated at 4 2 � C for 2 min. 1 \x\ (200 
units) of superscript II was added and mixed by pipetting gently up and down. The 
reaction was incubated for 50 min. at 42�C. The reaction was inactivated by heating 
at 70�C. To remove RNA complementary to the cDNA, l[x\ (2 units) of E.coli 
RnaseH was added and incubated at 37�C for 15 min. l^il RT products were used for 
25|LU PCR. The PCR and cycling conditions were described previously. 
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3. Results 
3.1 Characterization of i^S7V7 over-expressers 
3.1.1 Overexpression of the ASNl gene enhances the sink-source relationship of 
asparagine transport under regular daylight cycle 
Plants were grown as described in Material and Method section for about 
5 to 6 weeks until flowers and developing siliques emerged. Different tissues 
were harvested on the same day (after 8 hours into the light period) so that the 
sink-source relationship could be compared. In agreement with the effect of 
ASNl over-expression, the amount of ASNl transcripts in the over-expressers 
were higher than Col-0 in all the tissues tested (Fig. 3.1). Although the 
expression level was similar within the source organs (Fig. 3.1 lanes 1-9) and 
so did the sink organs (Fig. 3.1, lanes 10-15), the over-expression effect was 
more prominent in vegetative tissues (source organs; Fig. 3.1, lanes 1-9) than 
that in reproductive tissues (sink organs; Fig. 3.1, lanes 10-15). This result 
suggests that there is post-transcriptional regulation of ASNl mRNA in 































































































































































































































































































































































































































As predicted, the proportion of Asn in ASNl over-expressers was higher than Col-0 in 
all the tissue tested (Table 3.1). Nevertheless, free asparagine level of the same patch of samples 
exhibited a much higher level of free asparagine in the sink tissues (Fig. 3.2A, lanes 10-24) than 
that of source tissues (Fig. 3.2A, lanes 1-9) in all the tissues tested. The amount of asparagine 
was the highest in flowers of ASNl over-expressers (Fig. 3.2A, lanes 10-12), followed by 
siliques (Fig. 3.2A, lanes 13-24) and the least in source organs (Fig. 3.2A, lanes 1-9) when 
compared to Col-0. Therefore, the level of asparagine level did not match with the relative 
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Figure 3.2: Change of free amino acid contents in different tissues of ASNl overexpressers 
grown under regular daylight cycle. Panel A to E: free asparagine, free aspartate, free 
glutamine, free glutamate and total free amino acids, respectively. The samples were harvested 
as described in Figure 3.1. Amino acid analysis was performed as described in Materials and 
Methods. The contribution of tyrosine was not included in the calculation of total free amino 
acid in Panel E since the relative position of its peak recorded in the amino acid analyzer was 
very close to the internal standard norleucine and the absolute levels of tyrosine were very low 
compared to other free amino acids. *and ** indicate /^-values less than 0.1 or less than 0.05 
respectively, when comparing (by Mest) to wild type. Each bar represents an average of two or 
three samples. Error bars: standard deviations. 
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To test whether the enhancement of free asparagine in sink tissues of ASNl 
over-expressers was due to increased transport of asparagine from source {ASNl transgene 
strongly expressed) to sink {ASNl transgene expression relatively weak), phloem exudates 
were analyzed in the light period (8 hours after dark cycle) under normal darklight cycle. 
Since the excised leaves should be placed immediately into EDTA solution, fresh weight data 
could not be obtained accurately. Therefore, the amino acid contents in the phloem exudates 
was presented in a per dry weight basis for comparison. ASNl over-expressers exhibited a 
significant elevation of transporting asparagine, when compared to the controls (Fig. 3.3A). 
The increase of Asn level in phloem exudates concomitantly led to higher percentage of 
asparagine in ASNl over-expressers (Table 3.2). 
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Figure 3.3: Change of free amino acid contents in phloem exudates of ASNl overexpressers. Panel A 
to E: free asparagine, free aspartate, free glutamine, free glutamate and total free amino acids, 
respectively. Plants of about 5-week-old grown under regular daylight cycle that bore 10-15 
development siliques were used. Phloem exudates were obtained using a scale-down EDTA elution 
method as described in Materials and Methods. Amino acid analysis was perfomied as described in 
Materials and Methods, * and ** indicate ；7-values less than 0.1 or less than 0.05 respectively, when 




































































































































































































































































































































































































































































































































3.1.2 Spatial distribution of total free amino adds under normal daylight cycle 
To investigate the impact of asparagine increase on the overall nitrogen 
sink-source relationship, total free amino acids in different tissues were analyzed (Fig 3.2; 
Table 3.1). Free amino acids will be incorporated into protein during seed filling. If the 
free amino acid content is presented in a per protein basis, it will underestimate the true 
level of free amino acid in developing siliques, relative to other tissues. Therefore, the 
amino acid contents in this tissue were presented in a per fresh weight basis for 
comparison. 
The overall free amino acid level was generally higher in sink tissues (flowers and 
developing siliques), than source tissues (rossette leaves and stems) in all the plant 
constructs tested (Fig. 3.2 E) under normal daylight cycle. The amount of total free amino 
acids was the highest in flowers (Fig. 3.2E, lanes 10-12). It dropped drastically in 
developing siliques of 5DAF (days after flowering) (Figure 3.2E, lanes 13-15). The 
amount of total free amino acids remained the same until siliques of 9DAF (Fig. 3.2E, 
lanes 16-21). At siliques of IIDAF, a minor drop of free amino acid was recorded (Fig. 
3.2E, lanes 22-24). Taken together, the major drop of amino acids in siliques of 5DAF 
and a minor drop at IIDAF reflected that the strong demands for free amino acids at 
these developmental stages, in both Col-0 and ASNl over-expressers. 
3.1.3 Over-expression of the ASNl gene affects free amino acid level quantitatively 
under normal daylight cycle 
There were no significant differences in the amount of total free amino acids in 
rossette leaves and stems when comparing the ASNl over-expressers with the wild type 
Col-0 (Fig.3.2E, lanes 1-6). The increase of free asparagine in rossette leaves was offset 
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by the decrease of its substrate, glutamine (Fig. 3.2C, lanes 1-6). Conversely, a significant 
increase of total amino acids was observed in the cauline leaves, flowers, and developing 
siliques in the ASNl over-expressers (Fig. 3.2E, lanes 7-24). In cauline leaves, the 
increase of total amino acids was attributed to the concurrent increase of both asparagine 
(Fig. 3.2A, lanes 7-9) and glutamate (Fig. 3.2D, lanes 7-9) that dominated over the drop 
of free glutamine (Fig.3.2C lanes 7-9). In flowers, the predominant increase of asparagine 
(Fig. 3.2A, lanes 10-12) dominated over the drop of glutamate (Fig. 3.2D, lanes 10-12), 
which eventually lead to an increase of total free amino acid level (Fig. 3.2E, lanes 
10-12). In developing siliques, the drastic increase of asparagine (Fig. 3.2A, lanes 13-24) 
was responsible for the increase of the total free amino acids. However, its substrates, 
aspartate became limited in siliques of 7DAF and 9DAF (Fig. 3.2B, lanes 16-21). 
Depletion of glutamine was also observed in the siliques of 9DAF (Fig.3.2.C, lanes 
19-21). The most significant increase of free amino level in siliques of ASNl 
over-expressers, relative to Col-0 was found at the stage IIDAF. The amount of total free 
amino acids in ASNl over-expressers was almost 1-fold higher than that in Col-0 (Fig. 
3.2E, lanes 22-24). In addition, the percentage drop of total free amino acid from siliques 
of 9DAF to siliques of IIDAF was more prominent in Col-0 (up to 1-fold) than that in 
ASNl over-expressers (40%).This indicates that free amino acids are particularly limiting 
in Col-0 between siliques of 9DAF and IIDAF. 
3.1.4 Over-expression of the ASNl gene affects composition of total amino acid under 
normal daylight cycle 
Due to the increase of asparagine level, the amount of Asx (asparagine plus aspartate) 
was correspondingly enhanced in all the tissue tested in ASNl over-expressers. The 
absolute increase of Asx amount in ASNl over-expressers was more drastic in sink organs 
than that of source organ, when compared to Col-0 (Table 3.1). However, the drastic 
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increase of Asx was not accompanied by the proportional decrease of the amount of Glx 
in ASNl over-expressers (Table 3.1). This suggests that predominant increase of 
asparagine has modified the composition of amino acids, while keeping the absolute 
amount of other amino acids level relatively unchanged. Similar trends were also 
observed in phloem exudates. The amount of transporting Asx is 2 to 2.5fold higher in 
ASNl over-expressers, but the amount of Glx did not change significantly (Table 3.2). 
Enhanced Asx amount in sink organs and phloem exudate suggest that transporting amino 
acid is an important factor in determining the composition of free amino acids in the sink 
organs. 
Because of the enhanced Asx amount, we also expect that the percentage of Asx 
would significantly increase in nearly all the tissues tested (Table 3.1). A closer look into 
the data discovered that Asx was the most dominant amino acids in flowers of ASNl 
over-expressers. After flowers developed into siliques, the proportion of Asx remained 
high from 5DAF to IIDAF in ASNl over-expressers when compared with the wild type. 
Similar trends were also observed in source organs. The percentage of Asx in ASNl 
over-expresser was higher than that in Col-0. The increased proportion of Asx led to a 
decrease in percentage of other amino acids. For instance, Glx (glutamine plus 
glutamate) usually accounts for more than 50% of total amino acids in Col-0, but their 
percentage was lowered in ASNl over-expressers. Compare to Col-0, the Glx percentage 
in ASNl over-expresser of the same organ was statistically lower. Similar trends were 
also observed in phloem exudate. The percentage of transporting Asx was about 2-fold 
higher in ASNl overexpressers. Correspondingly, the increase was accompanied by a 
significant decrease in percentage of Glx in ASNl over-expressers. Taken together, 
increased proportion of Asx was associated with decreased percentage of Glx. This 
analysis again suggests that Glx has an active and flexible metabolic pool, which can be 
adjusted in response to Asx enhancement. 
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3.2. Construction of dapA Transgenic Arabidopsis 
3.2.1 Construction of chimeric gene for expression of the dapA gene 
Constitutive expression of ASNl in Arabidopsis was shown to increase the overall 
free amino acids, in particular asparagine. Such tools may provide an enhanced source for 
aspartate family amino acid synthesis. To further fine-tune the source, the feedback 
insensitive dapA gene from E.coli was transformed into Col-0. The generation of 
transgenic plant started by PCR-cloning the coding sequence of the dapA gene from 
E.coli. Its 5, end was ligated to a pea transit peptide and subsequently placed between the 
phaseolin promoter and terminator to direct the embryo specific expression of protein in 
chloroplast during seed development. Detailed cloning steps were described in the 
'Materials and Methods' section. The construct was further subcloned into the binary 
vector pCAMBIAlSOO that carries hygromycin resistance gene for selection. 
3.2.2 Transformation of pl300/Phas-</fl/?^ into Arabidopsis and selection of homozygous 
progenies 
The chimeric gene construct pl300/Phas-^%^ was introduced into the wild type 
Col-0 by vacuum infiltration. Seeds from transformed plants of pl300/Phas-iiap^ , 
named as dapA/WI, were selected on 1/2 strength MS germination medium containing 
20mg/L hygromycin. Successful transformants were able to develop true leaves. Whereas, 
untransformed plants failed to expand their cotyledons and showed gradual yellowing. 
The phenotype of hygromycin resistant and sensitive Arabidopsis during screening for 
the dapA transgenic plants were shown in Figure 3.4. dapAIWY hygromycin resistant 
plants were transferred to soil and grown until seed maturation. 
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In the T2 generation, four lines bearing single locus insertions were identified by 
scoring the phenotypic ratio of hygromycin resistant versus hygromycin sensitive 
seedlings (3:1; verified by chi-square test in Table 3.3). Genomic DNA was extracted 
from individual seedlings of the T2 seeds. PCR was performed using gene specific 
primers for dapA according to the 'Material and Methods' section. The PCR products 
were run on 1% (w/v) agarose gel stained with lOng/ul ethidium bromide and the photo 
was taken upon UV illumination. The presence of transgene was confirmed by PCR 
(Figure 3.5). Transgenic lines (T3) with 100% hygromycin resistance were regarded as 
homozygous for dap A. Eventually, 3 homozygous lines of dapA/^T from two 
independent origins obtained (Group 1: 10-1-1, 10-1-2 and Group 2: 10-2-2). 
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Figure 3.4. Selection of hygromycin resistant transgenic plants. Seedlings were grown for two 
to three weeks on MS agar plates containing 20mg/L hygromycin under a regular daylight 
cycle at ll^'C. Untransformed plants failed to expand their cotyledons and appeared yellow. 
Conversely, transformants developed true leaves that were transferred to soil and allowed to 
grow, self-pollinate and mature for harvesting seed. 
93 
Table 3.3 Chi-square test for identification of single locus insertions in the T2 transgenic 
plants through screening for 3:1 resistant to sensitive ratio. If chi-square value is larger than 
3.84, the hypothesis for single locus insertion is rejected. Significant level was set at 0.05. 
dapAfWT Number of Number of Chi-square Interpretation 
T2 transgenic resistant sensitive value 
line(s) phenotype phenotype 
5-2 270 45 4.8 Hypothesis is NOT 
rejected 
6-1 210 59 0.33 Hypothesis is rejected 
10-1 198 65 0.002 Hypothesis is rejected 
10-2 209 63 0.122 Hypothesis is rejected 
12-1 120 32 0.31 Hypothesis is rejected 
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Figure 3.5. PGR screening for the dapA gene from the T2 seedlings of hygromycin resistant 
transgenic plants. Genomic DNA was extracted from individual T2 seedlings. PCR was 
performed using gene specific primers for the dapA gene according to ‘Material and Methods' 
section. The PCR products were run on 1% (w/v) agarose gel stained with lOng/ul ethidium 
bromide and the photo was taken upon UV illumination. Lanes 1: 6-1, lane 2: 10-1, lane 3: 
10-2 and lane 4: 12-1 were identified as dapAfWl carrying singly locus insertions. M: lOObp 
molecular weight markers. 
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3.3 Generation of transgenic plants with altered sink-source relationship 
through crossing and in-planta transformation 
3.3.1 Rationale in methods for generating transgenic plants with different combination of 
sources and sinks 
In addition to the previously constructed 35S/metL transgenic lines, dapA and 
ASNl transgenic plants with enhanced source of Asx and free lysine respectively, are 
ideal tools to fine tune the sink-source relationship related to aspartate metabolism. To 
further manipulate this sink-source relationship, these transgenic plants were combined 
with transgenic plant containing an effective sinks through crossing or transgenic 
approaches. 
Since the construct carrying the dapA gene also contains hygromycin resistance 
gene, it can be used to transform the existing transgenic plants with an effective sink that 
contain the alternative antibiotic resistance gene {rpt II). Therefore, it is feasible to 
transform the dapA gene into the homozygous LRP transgenic plants 4-1-7 (an effective 
sink to trap the free lysine). 
However, if two transgenic plants carry the same antibiotic resistance gene, as 
selection markers, homozygous progenies cannot be identified through screening on 
antibiotic-containing media. To circumvent this problem, crossings were performed 
between transgenic plants. Two crosses were performed which include (i) ASNl 
over-expresser as pollen donor (362-D2-d6) x LRP transgenic plants (4-1-7), and (ii) 
35S/metL as pollen donor (7-2-2) x LRP transgenic plants (4-1-7). The proposed effect on 
aspartate family amino acids of different sink and source in the transgenic plants is 
explained in Table 3.4. 
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Table 3.4. Possible effect on aspartate family amino acids in transgenic plants of different 
combination of sink and source. 
Transgenic plants Approaches Possible impact(s) on level of aspartate family 
amino acids. 
ASNl Crossing An elevated amount of Asx in siliques may provide 
over-expresser x additional aspartate for synthesis of aspartate 
LRP transgenic family derived amino acids, in particular lysine, 
plants whereas demand was relatively large. 
35S/metL Crossing Moderate increase of free lysine may contribute to 
transgenic plants x enhancement in synthesis of lysine-containing 
LRP transgenic proteins, 
plants 
The dapA gene Transgenic A more drastic increase in free lysine for synthesis 




3.3.2 Screening for double homozygous progenies through crossing 
The strategy of screening for double homozygous progenies through crossing is 
outlined in Figure 3.6. For instance, let A and B be the allele for transgenes ASNl and 
LRP respectively. O is an allele of any genes. Homozygous transgenic plant A was 
crossed with another homozygous transgenic plant B. Through random segregation and 
independent assortment, successful cross will result in F1 plants with genotype AOBO. 
Subsequent self-fertilization of F1 plants will generate 9 different possible genotypes in 
F2 plants. However, only one out of sixteen F2 plants will be double homozygous 
(AABB) and the remaining eight out of sixteen F2 plants will contain at least one copy of 
both transgenes (A-B-). Real-time PCR and Southern blotting is technically difficult to 
distinguish between one and two copy of transgene(s) accurately. Therefore, genetic 
analysis was performed to determine the double homozygosity of crossing progenies. 
To reduce the number of screening for double homozygous plants, F2 seedlings 
were tested by PCR for both transgenes A and B using gene specific primers. On average, 
nine out of sixteen F2 plants (A-B-) would show positive results for both transgenes. 16 
F2 plants carrying both transgene (A-B-) were allowed to be self-fertilized. Eight of the 
F3 seedlings from selfing of each F2 were analyzed for both transgenes. If F2 was not 
double homozygous, at least 2 out of 8 plants inherented none of the transgene. If F2 was 
double homozygous, all of the F3 should inherit both transgenes, which was readily 
detected using PCR. Double homozygous plants were chosen for further studies. 
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Let A and B be the alleles for transgenes ASNl and LRP respectively. O is an allele of any 
genes. 
Parent cross: AAOO x OOBB 
F1 : AOBO 
F1 cross: AOBO x AOBO 
F2: 1/16 AABB, 8/16A-B-, 3/16 A-bb, 3/16 aaB-, 1/16 aabb 
F2 cross: AABB x AABB or A-B- x A-B-
F3: All AABB Some inherited no transgene 
(PCR positive for both transgenes) (PCR negative for transgene) 
Figure 3.6 Strategy for selecting double homozygous progenies from crossing of two different 
transgenic plants. Homozygous transgenic plant A was crossed with homozygous transgenic 
plant B. This would result in F1 plants with genotype AOBO. Subsequent self-fertilization of 
F1 plants will generate 9 different possible genotypes in F2 plants. However, only one out of 
sixteen F2 plants was double homozygous (AABB). F2 seedlings were tested by PCR for both 
transgenes A and B. Sixteen F2 plants bearing both transgenes (A-B-) were allowed to 
self-fertilize. Eight of the F3 seedlings from selfing of each F2were analyzed for both 
transgenes. If F2 was not double homozygous, some of the F3 would be likely to inherit none 
of the transgenes (due to segregation). If F2 was double homozygous, all of the F3 should 
inherit both transgenes. Double homozygous plants were chosen for further studies. 
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3.3.3 Screening for F1 progenies of successful crossing 
Genomic DNA was extracted from F1 seedlings resulting from a cross between LRP 
transgenic plant (female) and ASNl over-expresser (pollen donor). PCR was performed 
using gene specific primers for LRP and ASNl according to the ‘Materials and Methods' 
section. The PCR products were run on 1% (w/v) agarose gel stained with lOng/ul 
ethidium bromide and the photo was taken upon UV illumination as shown in Fig. 3.7. 
All of the tested F1 crossing progenies show positive results for both transgenes ASNl 
and LRP of 2.2kb and 500bp, respectively. Seedlings from lane H, named HHllR, was 
chosen for self-fertilization and further analysis. 
In addition, genomic DNA was also extracted from F1 seedlings resulting from a 
cross between 35S/metL transgenic plant (female) and LRP over-expresser (pollen donor). 
PCR was performed using gene specific primers for LRP and metL according to the 
‘Materials and Methods' section. The PCR products were run on 1% (w/v) agarose gel 
stained with lOng/ul ethidium bromide and the photo was taken upon UV illumination as 
shown in Fig. 3.7. All of the tested F1 crossing progenies showed positive results for both 
transgenes metL and LRP of 2.4kb and 500bp respectively. Seedling from lane N, named 
CC21R, was chosen for self-fertilization and further analysis. 
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M A B C D E F G H I J K L M N 
— ‘ - — 
metL t ransgene 
o f 2 . 4 k b — r ^ -= k 謝 transgene 
M A B C D E F G H I J K L M N 
LRP transgene 
ofSOObp — 
Figure 3.7. PCR screening for ASNl, LRP and metL transgenes in F1 seedlings of crossing (i) 
metL transgenic plant X ASNl over-expresser; and (ii) 35SmetL transgenic plant X LRP 
transgenic plants. 
Lanes A-I represents genomic DNA extracted from individual seedlings of seeds collected 
from cross (ii) 35SmetL x LRP. Lanes J-K stands for genomic DNA extracted from individual 
seedlings of seeds collected from cross (i) PCR products were run on 1% (w/v) agarose gel 
stained with lOng/ul ethidium bromide and the photo was taken upon UV illumination. Lane 
M: Ikb molecular weight ladder. Lanes A to I showed the presence of both metL and LRP. 
Lanes J to K indicated the presence of both ASNl and LRP. Seedlings from lanes H and N, 
named HHl IR and CC21R, were chosen for self-fertilization. 
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3.3.4. Selection of homozygous crossing progenies 
After selfing of F1 plants containing both transgenes genotypes of F2 seedlings were 
analyzed using PGR. For the cross 35SmetL x LRP, 15 out of 30 F2 carried at least one copy 
of both transgenes (A-B-). For the cross ASNl x LRP, 18 out of 43 F2 carried both transgenes 
(A-B-). According to the Medelian law of segregation, 9 out of 16 F2 give rise to genotype 
with at least one copy of both transgenes (A-B-). Our PCR data matched with the this ratio 
(9:7; verified by Chi-square test in Table 3.5) in F2 generation. F2 plants carrying both 
transgenes were allowed to grow until seed maturation. The F3 genotypes were determined 
again using PCR and analyzed according to the strategy described before. Eventually, one 
double homozygous progeny, designated as number #9 was identified in cross 35SmetLxLRP. 
Another two double homozygous progenies, named as # 76 and # 9 1 were screened in a cross 
hQtwQQn ASNl X LRP. 
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Table 3.5 Chi-square test for checking independent assortment of unlinked allele of two 
transgenes in F2 progenies. A 9:7 ratio (presence of at least one copy of both transgene (A-B-) 
verus only one or no copy of transgene ratio) indicates independent assortment. If the 
chi-square value is larger than 3.84, the hypothesis for independent assortment of the two gene 
was rejected. Significant level was set at 0.05. 
F2 progenies Contains at least Contains only Chi-square Interpretation 
one copy of both one or no copy of value 
transgene (A-B-) transgene (A-bb, 
aaB-，aabb) 
\) ASNl ^ LRP 15 15 0.2 Hypothesis is NOT 
2)LRPx 18 25 1.6 rejected 
35S/metL 
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3.3.5 Screening for homozygous dapA/LRP transgenic plants 
The screening procedure was essentially the same as screening for dapAN^T 
transgenic plants. The major difference is the number of independent lines identified. The 
chimeric gene construct pl300/Phas-<ia;?y4 was introduced into LRP transgenic plant 
4-1-7 by vacuum infiltration. Seeds from transformed plants, designated as dapAILRP 
were selected on 1/2 strength MS medium containing 20mg/L hygromycin. Successful T1 
transformants showed the same resistance phenotype as dapAIWl. Genomic DNA was 
extracted from individual seedlings from T1 seeds. PCR was performed using gene 
specific primers for LRP and dapA according to the ‘Materials and Methods' section. The 
PCR products were run on 1% (w/v) agarose gel stained with lOng/ul ethidium bromide 
and the photo was taken upon UV illumination. The presence of transgene was ftirther 
confirmed by PCR (Figure 3.8). 16 lines oidapAILRP were transferred to soil and grown 
until seed harvesting. In the F2 generation, ten lines with dapAILRP single locus 
insertions were identified by scoring the phenotypic ratio of hygromycin resistant versus 
hygromycin sensitive seedlings (3:1; verified by chi-square test as shown in Table 3.6) 
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M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
d叩A 
transgene 
o f s s o b p D H ^ ^ ^ ^ ^ ^ ^ ^ H ^ H H H 
M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
transgene U f ^ H H H j ^ ^ H ^ H I H I ^ ^ H 
ofSOObp 
Figure 3.8. PCR screening for dapA and LRP from F1 seedlings of hygromycin resistant 
transgenic plants. Genomic DNA was extracted from individual seedlings of T1 seeds. PCR 
was performed using gene specific primers for the dapA and LRP gene according to ‘Material 
and Methods' section. The PCR products were run on 1% (w/v) agarose gel stained with 
lOng/ul ethidium bromide and the photo was taken upon UV illumination. Lanes 1 to 17 is 
LRP/dapA. M is the lOObp markers. 16 lines of dap Al LRP carrying hygromycin resistant 
plants were identified and subsequently transferred to soil and grew until seed harvesting. 
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Table 3.6 Chi-square analysis for identification of single locus insertion in T2 LRP/dapA 
transgenic plants. If chi-square value is larger than 3.38, this means that ratio of number of 
resistant phenotype: number of sensitive phenotype is not 3:1 and thus considered not having 
single insertion locus. 
dap Al LRP Number of Number of Chi-square value Interpretation 
T2 resistant sensitive 
transgenic phenotype phenotype 
line(s) 
1-1 308 27 12.8 Hypothesis is rejected 
8-1 189 47 0.81 Hypothesis is NOT rejected 
9-1 161 44 0.34 
14-1 134 39 0.14 
14-2 210 67 0.03 
15-2 248 63 0.93 
15-3 176 56 0.03 
16-1 208 52 0.90 
16-2 244 59 1.2 
17-2 214 65 0.1 
17-3 122 40 0.002 
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To enable screening and analysis simultaneously, twelve T2 seeds from 
dapAmj and dapA/LRP, along with Col-0, ASNl over-expressers (362-D2-d6, 
362-4E-21), ASNl RNAi lines, LRP transgenic plants (4-1-3), 35S/metL transgenic plants 
(7-2-2), ASNHLRP homozygous crossing progenies (#76, #91) and l^SSmetHLRP 
homozygous crossing progenies were grown on MS medium without hygromycin 
selection for seed harvesting and subsequent AAA analysis. To accelerate the screening 
and analysis, seeds from mature siliques were collected from half-desiccated transgenic 
and WT A.thaliana. LRP/dapA and dapAIWl transgenic plants were tested for 
homozygosity with respect to the transgene by plating about 100 seeds in the 
MS/hygromycin plates. Transgenic lines (T3) with 100% hygromycin resistance were 
regarded as homozygous for dap A. Remaining seeds of the homozygous lines were 
analyzed for amino acid composition. Eventually, 16 LRP/dapA homozygous lines from 
6 different origins were identified (Group 1: 8-1-1, 8-1-5; Group 2: 9-1-1; Group 3: 
14-2-4, 14-2-5,14-2-6, 14-2-8; Group 4: 15-3-2, 15-3-3, 15-3-6; Group 5: 16-1-2, 16-1-4, 
16-1-5, 16-1-6 and Group 6: 17-2-4, 17-2-11). Remaining seeds were harvested after the 
plants became totally desiccated. 
3.3.6. Expression analysis of dapA/LRP transgenic plants 
To confirm the expression of both dapA and LRP genes, RNA was isolated from 
developing siliques in homozygous dapA/LRP transgenic plants for RT-PCR. The tested 
homozygous lines, 8-1-1, 8-1-5, 14-2-4 and 14-2-6 showed positive results for mRNA 
expression. The gel photo was shown in figure 3.9. 
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M 1 2 3 4 5 6 7 8 9 
• dapA 
LRP transgene 
i ^ H b A H I 
Figure 3.9. RT-PCR for dapA and LRP from homozygous LRP/dapA transgenic plants. RNA 
was extracted from the developing siliques. 5ug total RNA was used for reverse transcription , 
using oligo (dT) primer, in a 20ul reaction. 1 \i\ RT reaction was taken for PCR using gene 
specific primers for the dapA and LRP gene according to 'Material and Methods' section. The 
PCR products were run on 1% (w/v) agarose gel stained with lOng/ul ethidium bromide and 
the photo was taken upon UV illumination. Lanes 1 to 4 is homozygous lines of LRP/dapA. 
Lanes 2 and 6: 8-1-1, lanes 3 and 7: 8-1-5, lanes 4 and 8: 14-2-4 and lanes 5 and 9: 14-2-6. M 
is the lOObp markers. Lane 1 is a negative control using RNA from developing siliques of 
Col-0. 
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3. 4 Amino acid composition analysis 
Col-0, potential homozygous lines of dapAIWl, dap Al LRP, homozygous ASNl 
over-expressers (362-D2-d6, 362-4E-21), ASNl RNAi lines (15, C2), LRP transgenic 
plants (4-1-3), 35S/metL transgenic plants (7-2-2), ASNl/LRP homozygous crossing 
progenies (#76, #9V} and 35SmetL/LRP homozygous crossing progenies (#9) were grown 
under identical conditions, as described in the 'Materials and Methods' section. Seeds 
from half desiccated Arabidopsis were collected for screening of homozygosity. Seed 
from screened homozygous lines were extracted in saline solution at neutral pH. The 
relative level of water and salt extractable protein was presented at Table 3.7. As seeds 
from half desiccated A.thaliana was not sufficient for both analyses. I need to use seeds 
from fully desiccated A.thaliana for absolute quantitation of total amino acids which is 
presented in Table 3.8 and 3.9. 
Because of the small sampling size and seeds of different quality collected at 
different time, this data sometimes showed large fluctuation and became statistically 
insignificant. In addition, free amino acid analysis of developing siliques and protein 
analysis of mature seeds using SDS-PAGE were not performed. Therefore, the 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3.8 Absolute amount of total amino acids (mg/g of seeds) in transgenic plants of altered 
sink-source relationship. Each data point represents two to three measurements. 
Plants/mg WT LRP ASNl ASNl LRP/ 35S/ dapA dapA/ dapA/ dapA/ ASNl ASNl 
amino Col-0 4-1-3 362-D2 362-4E ASNl metL 10-1-1 LRP LRP LRP RNAi RNAi 
acids/g -d6 21 91 7-2-2 10-2-2 17-2-4 15-3-2 16-1-4 C2 15 
seeds 17-2-11 15-3-3 16-1-5 
Asx 11.4 11.6 18.0 16.7 10.05 11.3 11.5 11.4士 10.4 12.2 11.6 11.6 
± 0 . 9 ± 2 . 8 ± 2 . 3 ± 0 . 6 ± 1 . 5 ± 0 . 3 ± 0 . 1 3.3 ± 1 . 6 士 0.8 ± 0 . 2 ± 0 . 2 
Ser 7.2±0.1 7.6±0.6 7.7±0.1 7.8士0.2 6.8±0.1 6.9士0.1 6.9±0.1 7.5±0.6 6.6±0.9 7.4±0.4 7.2±0 7.2±0.2 
Glx 25.9 27.5 27.3 28.7 25.0 26.1 26.4 25.9 25.0 28.3 27.1 27.4 
土 2.7 ±4.4 ±1.3 ±0.4 ±0.9 ±0.4 ±0.7 ±5.6 ±3.4 ±1.4 ±0.4 ±0.2 
Gly 10.5 10.5 10.7 10.95 9.4±0.5 9.7±0.2 10.0 11.3 9.4±1.3 10.5 10.2 10.0 
±0.1 ±1.1 ±0.5 ±0.2 ±0.1 ±0.5 ±0.5 ±0 ±0.1 
His 3.5±0.1 4.3±0.6 4.6土0.3 3.7±0 3.5±0.5 3.2±0.3 3.0±0.2 4.0±0.2 3.2±0.3 3.3±0.2 3.3+0.1 3.4+0 
Arg 11.5 14.5 16.6 13.6 13.5 10.9 11.0 13.1 11.9 11.9 11.3 11.0 
±0.2 ±1.8 ±0.6 ±0.2 ±2.8 ±0.2 ±0.1 ±0.9 ±0.4 ±0.6 ±0.1 ±0 
Thr 6.8±0.2 7.4±0.3 8.4±0.4 7.6±0.1 6.8±0.2 6.7±0.2 6.9±0.1 7.4±0.4 6.3±0.8 7.2±0.1 6.9±0 6.7±0.1 
Ala 7.1±0.4 6.8土 1.6 7±0 8.0±0.2 6.3±0.9 6.8±0.2 6.9士0.1 7.1 士 1.4 6.5±1.1 7.5±0.2 7.1±0 7±0 
^ 8 . 8 ± 0 . 5 8.8士1.5 8 . 6 ± 0 . 3 9 . 2 ± 0 . 1 7.9士0.9 8 . 3 + 0 8 . 5 ± 0 . 4 9 . 4 ± 1 . 0 7 . 9 ± 1 . 4 8 . 9 ± 0 . 4 8 . 8 ± 0 . 1 8 . 7 ± 0 . 3 
^ 4.3士0.2 5 . 6 ± 1 . 3 5 . 9 ± 0 . 4 4 . 8 ± 0 . 3 5 . 6 ± 1 . 8 4 . 4 ± 0 . 1 4 . 6 ± 0 . 1 5 . 3 ± 0 . 3 4.7士0.6 5 . 0 ± 0 . 4 4 . 7 ± 0 . 1 4 . 3 ± 0 . 1 
W 8.3±0.2 8.6士0.9 9.1±0.2 9.2±0.2 8.1 土0.2 7.9±0.2 8.1±0.1 8.7±1.0 7.7±0.8 8.5±0.3 8.3±0.2 8.1±0 
^ 1 . 8 ± 0 . 1 1.8 士 0.2 1 . 8 ± 0 . 1 1.4±0.3 1.7士0 2 . 2 ± 0 . 1 2 . 4 ± 0 . 1 1.9±0.1 1 . 6 ± 1 . 0 2 . 5 ± 0 2 . 3 ± 0 2 . 3 ± 0 . 1 
^ 9 . 2 ± 0 . 7 9 . 4 ± 1 . 1 8 . 9 ± 0 . 6 9 . 5 ± 0 . 1 8.9±0.2 8 . 9 ± 0 . 1 9.3±0.4 8.9±1.9 9 . 0 ± 1 . 0 9 . 8 ± 0 . 4 9.4±0.2 9 . 4 ± 0 
^ 6 . 9 ± 0 . 3 7 . 2 ± 0 . 7 7 . 7 ± 0 . 2 7 . 5 ± 0 . 2 6 . 7 ± 0 . 1 6 . 5 ± 0 . 1 6.6±0.1 7 . 2 ± 0 . 8 6.4±0.6 6 . 9 ± 0 . 3 6 . 7 ± 0 . 1 6 . 7 ± 0 . 1 
^ T o T z S 11.9 10.7 10.1 10.3 11.2 10.0 10.8 10.6 10.4 
±0.5 ±1.2 ±0.1 ±0.4 ±0.4 ±0.3 ±0.1 ±1.2 ±0.9 ±0.4 ±0.2 ±0 
^ 7.6±0.1 9.4±1.3 10.6 8.3土0.2 8.6±1.9 7.1±0.1 7.2土0.1 9.0±0.7 7.6士0.9 7.6 7.5 7.4±0 
±0.5 ±0-2 ±0.1 
1 4 1 . 4 1 5 1 . 9 1 6 4 . 8 1 5 8 . 4 139.1 136.5 1 3 9 . 4 1 4 9 . 0 1 3 4 . 2 1 4 8 . 0 1 4 2 . 6 1 4 1 . 2 
± 6 . 4 ± 1 1 . 5 ± 3 . 0 ± 3 . 2 ± 2 . 9 ± 2 . 3 ± 2 . 5 ± 1 7 . 0 ± 1 4 . 5 ± 5 . 9 ± 1 . 4 ± 0 . 7 
Lys, Met, 24.6+ 26.6 ^ 25.9 24 24.2 25.1 25.3 23.3 26.4 25.3 25.0 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.4.1 The change of aspartate family amino acids in mature seeds of transgenic 
plants with altered sources 
Consistent with the free amino acid change in developing siliques 
of ASNl over-expressers, the total amino acid contents were much higher in 
ASNl over-expressers than Col-0 (Table 3.8). In addition, Asx in extractable 
protein fraction and total Asx is higher too in ASNl over-expressers (Table 
3.7 and 3.9). However, the change is more statistically significant in total 
amino acid fraction. We may speculate that the increase of Asx remains in 
free amino acid fraction, rather than incorporating into proteins. However, 
previous findings have shown that free Asn contributes to a negligible 
amount of total amino acids in the mature seeds (Chan, 2000) 
When we further analyze lysine change, we see only significant 
increase of lysine in extractable fraction in one of the over-expressing lines. 
However, relative level of total lysine reveals a significant drop. Drop of 
relative level of other amino acid, such as Ser, Glx and Gly was also 
observed (Table 3.9). Therefore, drop of relative lysine level may be only a 
general effect due to increased proportion of Asx. 
Unexpectedly, Reduction of ASN J transcripts using technique of RNA 
interference (RNAi) resulted in significant increase of lysine in extractable 
protein to the level of 6.4+0.171110160/0 and 6.06±0.15 mol% in two 
independent RNAi lines. Due to increased proportion of protein bound Lys, 
the overall Asp family amino acids (Lys, Met, Thr and lie) in RNAi lines 
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also showed significant elevation to a level of 17.6±0.2 and 17.6±0.3mol%, 
when compared to 16.5±0.3moleO/o in Col-0. 
Although 35S-metL transgenic plants showed 2 fold increase of 
lysine in leaves, the mature seed did not show significant change of lysine in 
both extractable protein and total amino acid fraction (Table 3.7, 3.8 and 
3.9). 
Previous research has shown that seed-specific expression of the 
dapA gene usually resulted in drastic increase of free Lys, but not Lys in salt 
and water soluble fraction of the proteins. Expression of the dapA gene in 
embryo-specific manner led to a significant decrease Lys in extractable 
protein fraction (4.5±0.25molo/o) (Table 3.7). This suggests that the initial 
Lys accumulated in dapA transgenic plants may stimulate excessive Lys 
catabolism, thus decreasing the overall Lys availability for synthesis of Lys 
containing protein. 
3.4.2 The change of aspartate family amino acids in mature seeds of 
transgenic plants with improved sink 
One of the lines C-4-3 showed highest level of LRP accumulation was 
further propagated and analyzed for their amino acid content. We did not 
observe an increase of lysine content in both extractable protein and total amino 
acid fraction (Table 3.7, 3.8 and 3.9). It is possible that preferential 
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accumulation of LRP may deplete the synthesis of other lysine containing 
proteins 
3.4.3 The change of aspartate family amino acids in mature seeds of 
transgenic plants with combination of sink and source 
In transgenic plants with combined sink and source, metL/LRP and 
ASNl/LRP did not show elevation of lysine content in both extractable protein 
and total amino acid fraction, when compared to Col-0. Only one of the tested 
lines of dapAILRP transgenic plants showed slight, but significant increase of 
relative level of total lysine (5.9±0.1moleO/o), when compared to Col-0 (5.6±0.2 




Prior strategy to improve lysine level usually based on singular approach 
by transgenic expression of a feedback insensitive enzyme (enhanced source) or a 
foreign protein rich in lysine (effective sink). The results were often not very 
promising. My research work is to modulate sink-source relationship in the same 
plant. This not only provides a feasible approach to increase Lys content, but also 
aids the identification of critical regulatory steps in lysine synthesis. To achieve this 
ends, transgenic plants of different combination of sources and sinks were generated 
and characterized. 
4.1 Characterization of ASNl over-expressers 
To explore the possible cross-pathway regulation of lysine synthesis, one of 
the key metabolic genes in the amide amino acid metabolism, ASNl, encoding for 
asparagine synthetase was over-expressed in A.thaliana. Previous studies of pea^iSi 
overexpression in transgenic tobacco lead to the drastic increase in the free 
asparagine level However, the overall growth of the transgenic lines did not display 
significant difference in vegetative growth from that of the wild-type parent (Brears 
T et al., 1993). Ectopically expressing the E. coli AsnA gene (encoding an 
ammonium dependent AS), on the other hand, seems to enhance plant growth 
primarily under treatment of herbicides that inhibit glutamine synthetase activities 
(enes Dudits D et al., 1997). However, none of these reports specifically address 
the effect on aspartate family amino acids. 
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4.1.1 Possible regulation of ASNl mRNA stability through level of asparagine 
To investigate the relationship between ASNl mRNA level and free 
asparagine content, the relative changes of ASNl mRNA level and free amino acid 
composition in various source and sink tissues were analyzed. Although ASNl 
transgene was driven by constitutive CaMV 35S promoter, the amounts of ASNl 
transcripts were far more abundant in source tissues than that of sink tissues. 
Conversely, the asparagine level was far higher in sink tissues than that of source 
tissues. The apparent discrepancy in the steady state level of ASNl mRNA level 
between source and sink may indicate that the ASNl mRNA turnover rate is much 
higher in siliques and flowers where asparagine is more abundant. One possible 
explanation is that the 35S promoters is not always 'constitutive' and discussed 
previously (Holtorf S et al., 1995). Another possibility is the existence of a metabolic 
control mechanism on ASNl mRNA stability. Similar regulatory mechanism has also 
been reported in several metabolic and regulatory genes. Analysis of 
methionine-overproducing A.thaliana mutants revealed that cystathionine gamma 
synthase is regulated at level of mRNA stability (Chiba Y et al., 1999). 
Iron-dependent destabilization of transferrin receptor mRNA in mammalian cells has 
also been documented (Mullner EW and Kuhn LC, 1998). The a -amylase, which 
plays an important role in starch degradation, is regulated at the level of mRNA 
turnover (Sheu JJ et al., 1996). The regulatory sequence in the 3'-untranslated region 
was identified, which may act as a potent determinant of mRNA stability in response 
to sugar (Chan MT and Yu SM, 1998). Therefore, it is possible that the stability of 
ASNl transcript may be feedback regulated by its end products. 
This reciprocal relationship between mRNA level and free asparagine 
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level in ASNl over-expressers also suggests that large amount of asparagine 
produced in source tissues was transported to sink tissues. Such hypothesis is 
supported by the results of phloem exudates analysis (Fig 3.3) in which a significant 
increase of free asparagine was observed in ASNl over-expressers. 
4.1.2 Over-expression of ASNl gene may improve nitrogen remobilization from 
source to sink tissues 
Predominant increase of free asparagine in ASNl overexpressers has 
modified the amount of total free amino acids in different tissues. One of the peculiar 
findings is that although cauline leaves are structurally similar to rosette leaves, only 
the cauline leaves show a statistically significant increase of overall free amino acid. 
As cauline leaves are located at the aerial part of the stems, the differential free 
amino acid pool between rosette leaves and cauline leaves may indicate that spatial 
control of amino acid synthesis occurred in ASNl over-expressers. Previous studies 
show that abi3 (abscisic acid insensitivity) mutations can increase initiation and 
delay senescence of cauline leaves, but not rosette leaves, and thus partition more 
carbon resources to developing seeds (Robinson CK and Hill SA, 1999). Any cross 
talk between abscisic acid signaling and amino acid metabolism remained to be 
elucidated that may help to explain the increased content of amino acids in cauline 
leaves. 
In addition to the overall increase of free amino acids in the rosette leaves, the 
elevation of the overall level of free amino acids was also observed in flowers and 
developing siliques. This enhancement is particularly prominent when siliques are 
approaching maturation in IIDAF (Fig. 3.2, lanes 21-24). However, there is a drop 
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of total free amino acid level in siliques of IIDAF irrespective of the ASNl 
over-expression effect. This suggests conversion of free amino acids into proteins. 
We show that increase in free asparagine and total free amino acid contents in 
developing siliques of ASNl overexpressing lines lead to a significant increase of 
amino acid (Table 5.8) as well as clear enhancement of total nitrogen and extractable 
protein (Lam, unpublished data). This finding verifies the important role of 
asparagine metabolism in nitrogen resource allocation from source to sink tissues. 
Since the efficiency of seed protein synthesis depends on light/dark regulation of 
asparagine synthetase activities, elevation of leaf AS activities and asparagine level 
have been used as parameters to screen for high grain protein in maize and rye 
(Dembinski E and Bany S, 1991; Dembinski E et al., 1996). 
One possible way to explain the increase of total free amino acids in 
aerial parts (cauline leaves，flowers and siliques) of ASNl over-expressers is the 
increased transport of total free amino acids. However, we did not observe a 
corresponding increase of total free total amino acids in phloem exudate of ASNl 
overexpressers. It is probably that our experimental designs can only measure amino 
acids transported via phloem in a relative short period of time (8 hours). Thus, this 
measurement cannot accurately reflect whether total amount of free amino acids 
transported to sink tissues during siliques development which should be an 
investigation over an extended period of time. 
4.1.3 Over-expression of ASNl gene has modified the composition of amino 
acids in sink organs 
In addition to the quantitative change, ASNl over-expression also leads to 
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qualitative change of amino acid content. Free Glx and Asx contents were further 
analyzed (Table 3.1). Free Asx content was enhanced in nearly all source and sink 
tissues of ASNl overexpressing lines, as indicated by the increase in both the 
absolute amount (Fig. 3.2) and the percentage of the total free amino acids (Table 
3.1). On the other hand, the absolute amount of Glx (Fig. 3.2) was not significantly 
reduced in the sink tissues while the percentage of Glx in total free amino acids 
(Table 3.1) was decreased in these transgenic plants. A similar alteration of free Asx 
is also observed in phloem (Fig. 3.3; Table 3.2). All these results suggest that the 
overexpression of ASNl in vegetative tissues may have created an enhanced source 
of free Asx for sink tissues including developing siliques. The above observation is 
more statistically significant in 362-4E-21 than that of the 362-D2-d6. This is 
probably due to the large variants in some amino acid data of 362-D2-d6. 
While free Glx act as effective amino-group donors for the biosynthesis of 
other amino acids, free Asx provide the substrate (aspartate) for aspartate family 
amino acid biosynthetic pathway (products including essential amino acids such as 
lysine, methionine, threonine and isoleucine) (Galili G and Hofgen R, 2002). 
Although previous findings suggests that drastic decrease in asparagine level was 
accompanied by corresponding increase of aspartate level during tobacco seed 
development (Karchi H et al., 1995). Our result seems not to support this 
observation as asparagine level remained high while the aspartate level drops 
significantly in developing siliques of 7DAF and 9DAF. However, free amino acid 
analysis on developing siliques and seeds represent amino acid pool in different 
tissues. Therefore, amino acid analysis on developing seeds in Arabidopsis is needed 
to support the hypothesis. Previous biochemical studies also hinted that asparagine 
may play a role in the formation of seed protein reserves (Danielsson CE, 1949; 
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Sieciechowicz KA et al., 1988). A current model on seed protein biosynthesis also 
suggests that free asparagine in siliques may be an important source of aspartate and 
nitrogen resources to seed coats and cotyledons during seed development (Bewley 
JD et al., 2000). 
Manipulation of seed storage protein genes usually results in altered 
protein composition, but not the level of nitrogen storage in seeds (Tabe L et al., 
2002). This implies that source tissue, rather than the sink organs play a dominant 
role in controlling the ultimate seed nitrogen contents in the seeds. Therefore, over 
production of ASNl mRNA transcript and the corresponding increase of free 
asparagine in source tissues has successfully enhanced and modified the nitrogen 
resources in sink tissues. From an applied prospective, ASNl over-expressing line 
provides a useful tool to simultaneously enhance the absolute and relative amount of 
aspartate derived amino acids for nutritional quality improvement of crops in the 
future 
Previous evidence has shown that level of Asx will affect threonine 
amount in potato (Zeh M et al., 2001). It is therefore likely that Asx, being the 
common precursor in the aspartate kinase pathway, may channel additional carbon 
skeleton for the formation of aspartate family amino acids. However, our results 
indicate that ASNl over-expressers showed only significant increase of Asx, but not 
other aspartate derived amino acids, in the seed (Table 3.6 and 3.7). This suggests 
that end-product enzymatic feedback inhibition and other transcriptional and 
post-transcriptional mechanisms strictly control the level of Asp family amino acids. 
Therefore, successful metabolic engineering of desired amino acids may need not 
only an enhanced source, but also an effective sink to direct the metabolic flux 
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(Galili G and Hofgen R, 2002). 
4.2 ASNl RNAi transgenic plants increase the relative contents of lysine in the 
seeds 
Under-expression of ASNl in RNAi lines showed not only significant 
increase in relative level of Lys, but also the overall level of aspartate family amino 
acids in extractable protein fraction. We also cannot rule out the possibility that 
over-expression of ASNl gene may dominates the expression of asparaginase and 
aspartate kinase throughout the development of seeds. Therefore, aspartate is 
preferably converted into asparagine instead of channeling into aspartate kinase 
pathway for Lys synthesis. This suggests that reduced expression of ASNl may 
channel more aspartate into aspartate family amino acids. Another possibility is that 
an unknown mechanism induces lysine synthesis when ASNl is under-expressed. 
Analogous unknown mechanism controlling DHPS gene induction through blocking 
of histidine synthesis has been reported m A.thaliana seedlings (Guyer et aL, 1995). 
4.2.1 Role of ASNl in supplying or competing aspartate in developing seeds 
Data on amino acid analysis on developing siliques and mature seeds in ASNl 
over-expressers and ASNl RNAi lines did not give us adequate and consistent 
information to understand how ASNl supply or compete for aspartate. Further studies 
on regulation of AK and asparaginase in ASNl over-expressers may reveal whether 
asparaginase and AK co-operate to channel additional Asn to aspartate. Free amino 
acid analysis in ASNl RNAi lines may also give us hint to study the impact of 
underexpressing ASNl on free amino acid level. Moreover, expression analysis of 
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seed storage protein rich in lysine may help us to understand whether ASNl 
underexpression affect the synthesis of storage protein using a general mechanism. 
Finally, we are interested to see if there is any transporter/shuttle for aspartate 
between the chloroplastic membranes (where aspartate family amino acid synthesizes 
in plastid) and the cytosol (where asparagine synthesizes). 
4.2.2 Possible role of glutamate receptor 
Even though reducing ASNl expression increase aspartate availability, the 
enhanced level of aspartate should provide additional skeleton for synthesis of 
threonine, rather than lysine. Because previous findings suggest that introduction of 
feedback insensitive AK mainly enhanced threonine content, but not other aspartate 
family amino acids. It is therefore tempting to speculate that change of glutamate 
level, due to ASNl underexpression may induce global metabolic change through 
glutamate receptor 
4.3 Lysine catabolism may strictly control the level of lysine 
To further fine-tune the source of aspartate family amino acids, a feedback 
insensitive form of DHPS from E. coli, designated as the dapA gene, was 
transformed into A.thaliana. As the dapA gene was expressed in a seed specific 
manner, it is unlikely to cause abnormal phenotype due to the constitutive production 
of lysine (Shaul O and Galili G, 1992, 1993). The elevated level of free lysine in 
developing siliques may lead to enhancement of lysine containing protein. However, 
the dapAfWT transgenic plants exhibited a significant decrease of relative level of 
Lys in extractable protein fraction of the mature seeds. This suggests that excessive 
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Lys catabolism may operate to decrease the amount of free lysine available for 
protein synthesis. Previous report has demonstrated that increased free level of lysine 
stimulates the transcription of LKR-SDH in rice seeds (Gao YF et al., 2001). In 
addition, over-production of lysine in soybean is associated with the accumulation of 
Lys catabolic products (Zhu X et al., 2001). In addition, ？>5SlmetL transgenic plants 
and ASNl over-expressers did not improve the lysine contents in the seeds (Table 3.7 
and 3.8). 
4.3.1 Possible role of lysine-tRNA in protein synthesis 
Although we tried to transform metL gene and dapA gene into LRP transgenic 
plants, the level of lysine in extractable protein seems not to change significantly. We 
would like to test whether the level of free lysine is a limiting factor for protein 
synthesis. It will be interesting to test if the level of LRP increases in dapA/LRP 
transgenic plants when compared to LRP transgenic plants alone. As free lysine 
needed to be charged up to tRNA for synthesis of lysine containing proteins, will the 
limiting steps in protein synthesis lies in the charging up process or transport of 
tRNA to ribosome for protein synthesis? This needs further investigation. 
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5. Conclusion and prospective 
Over-expression of ASNl in A.thaliana has not only enhanced the 
amount of the total amino acids, but also enriched the Asx amount in sink organs. 
This becomes a potential useful tool for enhancing the metabolic flux for aspartate 
kinase pathway. However, manipulation of sources or sink alone such as ASNl 
over-expressers, ASNl RNAi lines, metL transgenic plants and LRP transgenic 
plants did not show significant improvement of lysine in the seeds. This suggests 
a combination of enhanced source and effective sink is needed to optimize the 
lysine level in the seeds. In this research, homozygous transgenic lines with 
different sink-source combinations: metL/LRP, ASNl/LRP and dapA/LRP 
transgenic plants were generated. Although preliminary data obtained from 
limited sample size and inconsistent seed quality did not suggest statistically 
significant and consistent trends of improved lysine contents in the mature seeds, 
data with improved lysine contents were found in some of the measurements. 
These transgenic plants needs further experiment to verify the amino acid data. 
From the prospective of basic research, these plants provide valuable 
experimental material for identification and understanding of the key regulatory 
mechanisms, such as the role of glutamate receptor and tRNA in controlling the 
level of aspartate family amino acids in the seeds. 
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Appendix I: The major chemicals and reagents used in this research 
1. Ampicillin Sigma A9518 
2. Agrose GibcoBRL 15510-027 
3. Bacto-peptone Difco 0118-01-8 
4. B a c t o ™ Agar Difco 214010 
5 Blocking reagent Boehringer 1096176 
6. Bromophenol blue Merck 8122 
7. Bovine serum albumin Sigma A7906 
8. Calcium chloride Merck 2380 
9. Chloroform Merck 3445 
10. Cetyldimethylethylammonium bromide Sigma C5335 
(CTAB) 
11. dATP Boehringer 1277049 
12. Diethyl pyrocarbonate Sigma D5758 
13. Dithiothreitol, DDT (1 OOmM) Promega P1171 
14. EDTA, disodium salt Simga E5143 
15. EGTA, sodium salt Sigma E3889 
16. Ethanol (absolute) Merck 100986 
17. Ethidium bromide Sigma E7637 
18. Formaldehyde (37%) Sigma F8775 
19. Formamide Boehringer 1814320 
20. Glacial acetic acid Sigma A4508 
21. Hydrochloric acid (36%) Ajax 1364 
22. Iso-amylalcohol Merck 100979 
23. Isopropanol Lab scan C2519 
24. Isopropyl b-D-thiogalactopyanside (IPTG) Boehringer 1411446 
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25. Kanamycin, monosulfate Sigma K4000 
26. Lithium chloride Sigma L8895 
27. Luria Bertani broth, Miller Difco 0446-17-3 
28. Maleic acid Sigma M0375 
29. Magnesium chloride Sigma M9272 
30. P-mercaptoethanol Sigma M6250 
31. MES Sigma 3023 
32. MOPS Sigma M8899 
33. Metro-mix soil 200 Hummert 10-0325 
34. Murashige & Shoog salt mixtures GibcoBRL 11117-017 
35. N-lauroylsarcosine Sigma L5125 
36. Polyvinylpyrrolidone Sigma PVP-40T 
37. Potassium hydroxide Merch 5033 
38. Potassium nitrate Sigma P8394 
39. Potassium phosphate, monobasic Sigma P8379 
40. Sodium acetate, anhydrous Sigma S2889 
41. Sodium chloride RDH31434 
42. Sodium critrate, trisodium salt Sigma S4641 
43. Sodium dihydrogen phosphate RDH 10245 
44. Sodium dodecyl sulfate (SDS) B/M 1028693 
45. Sodium hydroxide Merck 6498 
46. Silwet-77 Lehle seeds 
47. Sucrose Sigma SI888 
48. Tris (hydroxyethyl) aminoethane Amresco 0826 
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Appendix II: Major common solutions used in this research 
ATP (10 mM) 
Appropriate amount of solid ATP is dissolved into 25mM Tris-Cl (pH 8.0). The 
resultant solution could be stored as aliquots at -20^C. 
Bromophenol blue solution (0.25%, w/v) 
2.5mg of solid bromophenol blue is dissolved into 1ml of sterile water. The solution 
could be stored in room temperature. 
Bromophenol blue loading dye (lOx) 
0.25% bromophenol blue in 30% glycerol 
B5 vitamin (lOOOX) 
lOOOmg myoinositol, lOOmg thiamine-HCL, lOmg nicotine acid, lOmg pyridoxine-
HCl. Fill up to 10 ml with water. 
10% Blocking solution 
lOg blocking reagent (Roche, 1363514) was dissolved in 100ml IX maleic acid 
buffer and heated to 60°C until completely dissolved. 0.1ml DEPC was added and 
the solution was mixed and kept in room temperature overnight before autoclaving. 
Calcium chloride (2.5M) 
l l g of CaCl2*6H20 is dissolved into final volume of 20ml distilled water. The 
resultant solution is sterilized by passing through a 0.22 |Lim filter and could be stored 
in 1ml aliquots at 
Cold wash solution 
2X SSC, 0.1% SDS 
CTAB extraction buffer 
O.IM Tris-HCl (pH8), 1.4M NaCl, O.IM EDTA (pH8), 2% (w/v) CTAB, 1% (w/v) 
Polyvenylprolidone and 0.2 % freshly added P-mercaptoethanol. 
Deoxyribonucleoside triphosphate (dNTPs) 
Each dNTP is dissolved in distilled water to concentration of lOOmM. The pH of 
each solutions are adjusted to 7.0 using 0.05M Tris base. The solution is then diluted 
with distilled water to a final concentration of 50mM dNTP. Each is store separately 
at —70�C in small aliquots. 
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DEPC-treated water 
1ml of DEPC was mixed with 1 liter distilled water and kept overnight at room 
temperature before autoclaving. 
lOX detection buffer 
IM Tris, IM sodium chloride. pH 9.5 
Dithiothreitol (DTT, IM) 
3.09 g of DTT is dissolved into 20ml of 0.01 sodium acetate (pH5.2) and sterilized 
by filtration. The solution could be stored as 1ml aliquots at -20°C. 
EDTA (0.5M, pH 8.0) 
186.1 g of disodium EDTA.2H20 is dissolved to 800ml of distilled water. The pH of 
the mixture is adjusted to 8.0 with ~20g of NaOH pellet. The resultant solution is 
dispensed into aliquots and sterilized by autoclaving. 
EGTA (0.5M, pH 8.0) 
EGTA solution is prepared as described for EDTA above and could be sterilized by 
autoclaving or filtering. The sterile solution could be stored in room temperature. 
Ethidium bromide (lOmg/ml) 
Ig of ethidium bromide is added to 100ml of distilled water. The mixture is stirred 
on magnetic stirrer for several hours until all dye has dissolved. The solution could 
be stored in either container wrapped with aluminum foil or dark bottle in room 
temperature. 
Germination medium 
2.15g/L MS salt, l%sucrose, 0.05%MES and 0.9% Batoagar 
Glycerol (10% v/v) 
1 volume of molecular-biology-grade glycerol is diluted into 9 volume of sterile pure 
H2O. The solution is sterilized by passing through a prerinsed 0.22 jum filter and 
could be stored in 200ml aliquots. 
Hot wash solution 
0.5XSSC, 0.1% SDS 
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Infiltration medium 
2.2g MS salts, Ix B5 vitamins, 50g sucrose, 0.5g MES and 200ul Silwet 
IPTG (20% w/v, 0.8M) 
2g of IPTG us dissolved into 8ml of distilled water. The volume of solution is added 
up to 10 ml and then sterilized by passing through a 0.22 pirn disposable filter. The 
solution could then be stored as 1 ml aliquots at -20°C. 
LB agar plate 
25g/L LB powder and 15g/L bacto-agar, autoclave 
LB broth 
25g/L LB powder, autoclave 
Lithium chloride (4M) 
16.96 g ofLiCl is dissolved into final volume of 90ml of distilled water. The volume 
of solution is adjusted to 100ml with distilled water. The resultant solution is then 
sterilized by passing through a 0.22 |Lim filter or by autoclaving. The solution could 
be stored at 
lOX maleic acid buffer, pH 7.5 
IM maleic acid, 1.5M sodium chloride. pH 7.5 
lOX MOPS electrophoresis buffer 
41.8 g of MOPS is dissolved into 700ml of sterile DEPC-treated water. The pH is 
adjusted to 7.0 with 2M NaOH . 20ml of DEPC-treated IM sodium acetate and 20ml 
of DEPC-treated 0.5M EDTA (pH 8.0) are added into the solution. The solution is 
then sterilized by passing it through 0.45 \im Millipore filter. The solution could be 
stored at room temperature with protection from light. 
(Note: The solution yellow with age if is exposed to light or is autoclaved. Avoid 
using buffer with dark color) 
NaOH (lOM) 
400 g of NaOH pellets are slowly added to 800ml of water in a plastic beaker placed 
in ice bath with stirring. The volume of mixture is adjusted to 1 L with distilled water. 
The solution could be stored in a plastic container at room temperature. 
NaCl (5M) 
292 g of NaCl is dissolved in 800ml of distilled water and the volume of solution is 
adjusted to 1 L by adding more distilled water. The solution is stored as aliquots in 
room temperature. 
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O.IM Potassium phosphate buffer at pH 7.0 
61.5 ml IM K2HPO4 is mixed with 38.5 ml IM KH2PO4. The combined solution is 
then diluted to 1 L with distilled water. 
RNA extraction buffer 
0.1 M Tris-HCl, pH 8.0, 0.1 MLiCl, 0.1 M E D I A , and 1% SDS 
RNA loading buffer 
250^1 formamide, 83|il formaldehyde, 37% (w/v), 50^1 lOX MOPS buffer, 0.01% 
(w/v) bromophenol blue, 50[il glycerol. The final volume was made up to 500(il with 
DEPC-treated water. 
SDS (20% w/v) 
200 g of electrophoresis grade SDS is dissolved in 900 ml of distilled water. The 
mixture is heated to 68'C and stirred with a magnetic stirrer. The pH of the solution 
is adjusted to 7.2 with concentrated HCl and the volume of solution is added up to 1 
L with distilled water. The solution could be stored in room temperature. 
Sodium acetate (3M, pH 5.2 and pH 7.0) 
408.3 g of sodium acetate*3H20 is dissolved into 800 ml of H2O. The pH of the 
solution is adjusted to 5.2 with glacial acetic acid or adjusted to 7.0 with diluted 
acetic acid. The volume of solution is added up to IL with distilled water. The 
solution could then be dispensed into aliquots and sterilized by autoclaving. 
SOC medium 
20g of tryptone, 5g of yeast extract and 0.5 g of NaCl is dissolved into 950 ml of 
distilled water. 10 ml of 250inM solution of KCl is added into the mixture and the 
pH of the medium is adjusted to 7.0 with �0.2ml 5M NaOH. The volume of the 
solution is added up to 1 L with distilled water. The solution is sterilized by 
autoclaving and then allowed to cool down to 60°C or less. 20 ml of sterile 1 M 
glucose solution is added. Just before use, 5ml of sterile 2M MgCl2 is added into 
mixture. 
20 X SSC 
175.3g NaCl and 88.2 g of sodium citrate are dissolved into 800ml of distilled water. 
The pH of the solution is adjusted to 7.0 with few drops of 14M HCl. The volume of 
solution is then added up to IL with distilled water. The solution is then dispensed 
into aliquots and then sterilized by autoclaving. 
SOX TAE 
242g of Tris base and 57.1ml of glacial acetic acid are added into 100ml 0.5M EDTA 
at pH8.0. The mixture is then added up to IL with distilled water. 
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IM Tris-Cl at pH 8.0 
121. Ig of Tris base are dissolved into 800ml of distilled water. The solution is 
allowed to cool down to room temperature and the pH of the solution is then adjusted 
to 8.0 by adding nearly 42 ml conc. HCl. The solution is diluted to IL with distilled 
water. The resultant solution is then dispensed into aliquots and then sterilized by 
autoclaving. 
(Note: 1. The pH of Tris is greatly affected by temperature, i.e. decrease 0.03 pH unit 
for each l^C decrease; 2. Yellow color of IM solution indicates its poor quality of 
stock). 
lOX Tris EDTA (TE) at pH 8.0 
lOmM EDTA(pH 8.0) are mixed with lOOmM Tris-Cl (pH8.0). The solution is 
sterilized by autoclaving for 20 minutes. The solution could be stored in room 
temperature. 
X - gal solution (2% w/v) 
X - gal is dissolved into dimethylformamide in glass or polypropylene tube so that 
the its final concentration is 20mg/ml. The tube containing the solution is wrapped 
with aluminum foil and stored at -20°C. 
YEP medium 
lOg tryptone, lOg yeast extract and 5g NaCl. Fill up with 1 litre with water. 
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Appendix III: Commercial kits used in this research 
1. ABI P R I S M ™ dRhodamine Terminator Cycle Sequencing Ready Reaction kit 
(Perkin-Elmer 402078) 
2. Bio-Rad protein assay 
(Bio-Rad 500-0006) 
3. DIG DNA labeling kit 
(Boehringer 1 175 025) 
4. Prep-A-Gene® purification systems 
(Bio-Rad 732 6011) 
5. WizardTM Plus Minipreps DNA purification systems 
(Promega A7510) 
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Appendix IV: Major equipment and facilities used 
Equipment/facilities Company and catalogue number  
1. Amino acid analyzer Beckman 6300 
2. Amino acid analyzer Hitachi L8800 
3 • Biological safety cabinet Baker SG6QQE 59419 
4. Centrifuge Eppendrof 5415C 
^ C e n t r i f u g e Eppendrof 5415D 
6. Centrifuge J2-MI Bechman T373 with JA-14 rotor 
7. Centrivap concentrator Labconco 79840-01 
8. CHN/S Analyzer PE2400 Series II, Perkin Elmer 
9. Dot blot microfiltration apparatus Bio-Rad 170-3938 
10. Environmentally-controlled growth South China House of Technology 
chamber for soil grown plants (Development) Limit 
11. Gel 1OOOUV Fluorescent Gel Doc Bio-Rad 200015450 
12. Genetic Analyzer ABI Prism 310 Perkin elmer 96030481 
13. GS Gene Linker UV Chamber Bio-Rad 0392-923-0336 
14. Microcooler II Bockel Scientific 260010 
15. Orbital shaker Lab line 4628-1 
16. Power supply MIDI Mr-250 Life technologies 4801311 
17. Programmable Thermal cycle MJ research PTC-100 96VHB 200003879 
18 Refrigerated Centrifuge Eppendorf 5810R 
19. Rotatory Hybridization Incubator Shel-lab Model 1004 
. 20. Speedvac apparatus Labconco 79840-01 
21. TELCO incubator ^ e - P a r m e r 39352-02 — 
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